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Fatigue  cracks  in  steel  ships  often  occur  at  welded  joints  where  stress  concentrations  due  to  the 
joint  geometry  are  relatively  high  and  the  fatigue  strength  of  the  weld  is  reduced  in  comparison 
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the  yield  or  tensile  strength.  In  many  cases,  the  fatigue  performance  of  severely  loaded  details 
can  be  improved  by  employing  good  detail  design  practices,  for  example  by  upgrading  the 
welded  detail  class  to  one  having  a  higher  fatigue  strength.  In  some  cases,  however,  there  may 
be  no  better  alternatives  to  the  detail  in  question  and  modification  of  the  detail  may  not  be 
practicable.  As  an  alternative  to  strengthening  the  structure  at  a  considerable  increase  in  costs, 
procedures  which  reduce  the  severity  of  the  stress  concentration  at  the  weld,  remove 
imperfections,  and  /  or  introduce  local  compressive  stresses  at  the  weld  can  be  used  for 
improvement  of  the  fatigue  life.  Similarly,  these  fatigue  improvement  techniques  can  be  applied 
as  remedial  measures  to  extend  the  fatigue  life  of  critical  welds  that  have  failed  prematurely  and 
have  been  repaired. 

To  date,  weld  fatigue  life  improvement  techniques  have  been  successfully  applied  in  several 
industries.  While  there  has  been  increasing  interest  in  the  application  of  fatigue  life 
improvement  techniques  to  ship  structures,  at  present  there  is  a  lack  of  guidance  on  the  use  of 
such  techniques  for  design,  construction  and  repair.  Hence  the  key  elements  of  this  project  were 
to  compile  available  data  on  fatigue  life  improvement  techniques,  assess  the  feasibility  and 
practicality  for  their  application  to  ship  details,  identify  gaps  ip  the  technology,  and  finally  to 
recommend  design,  construction  and  repair  requirement^  j 
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1.0 


INTRODUCTION 


1.1  BACKGROUND 

Ship  structures  experience  cyclic  loadings  which  can  cause  fatigue  cracking  in  the  structural 
members  and  details  of  the  ship  if  they  are  inadequately  designed,  constructed  or  maintained. 
Serious  cases  of  fatigue  cracks  can  lead  to  major  damage  or  even  to  catastrophic  failure  of  the 
hull  structure.  Even  if  fatigue  cracking  in  ship  hulls  is  usually  not  a  serious  safety  problem,  the 
costs  of  inspections  and  repairs,  and  the  consequences  of  damage  due  to  water  ingress  or  oil 
leakage  can  be  high. 

Fatigue  cracks  in  steel  ships  often  occur  at  welded  joints  in  the  ship  structure  where  stress 
concentrations  due  to  the  joint  geometry  are  relatively  high  and  the  fatigue  strength  of  the  weld 
is  reduced  in  comparison  to  that  of  the  base  metal.  This  becomes  more  critical  in  ships  built  of 
High  Strength  Steels  (HSS)  because  the  fatigue  strength  of  steel  in  the  as-welded  condition  does 
not  increase  in  proportion  to  the  yield  or  tensile  strength.  As  a  result,  fatigue  of  welded  details 
can  be  a  limiting  factor  for  the  design  of  more  efficient  ship  structures. 

In  many  cases,  the  fatigue  performance  of  severely  loaded  details  can  be  improved  by  employ¬ 
ing  good  detail  design  practices,  for  example  by  upgrading  the  welded  detail  class  to  one  having 
a  higher  fatigue  strength.  In  some  cases,  however,  there  may  be  no  better  alternatives  to  the 
detail  in  question  and  modification  of  the  detail  may  not  be  practicable.  As  an  alternative  to 
strengthening  the  structure  at  a  considerable  increase  in  costs,  procedures  which  reduce  the 
severity  of  the  stress  concentration  at  the  weld,  remove  imperfections,  and  /  or  introduce  local 
compressive  stresses  at  the  weld  can  be  used  for  improvement  of  the  fatigue  life.  Similarly, 
these  fatigue  improvement  techniques  can  be  applied  as  remedial  measures  to  extend  the  fatigue 
life  of  critical  welds  that  have  failed  prematurely  and  have  been  repaired. 

To  date,  weld  fatigue  life  improvement  techniques  have  been  successfully  applied  to  offshore 
structures,  steel  bridges,  rail  cars  and,  to  a  limited  extent,  ship  structures.  While  there  has  been 
increasing  interest  in  the  application  of  fatigue  life  improvement  techniques  to  ship  structures,  at 
present  there  is  a  lack  of  guidance  on  the  use  of  such  techniques  for  design,  construction  and 
repair.  Hence  the  key  elements  of  this  project  are  to  compile  available  data  on  fatigue  life 
in^rovement  techniques,  assess  the  feasibility  and  practicality  of  their  application  to  ship 
details,  identify  gaps  in  the  technology,  and  finally  to  recommend  design,  construction  and 
repair  requirements. 

1.2  OBJECTIVES  AND  SCOPE 

The  objectives  of  this  project  were  to: 

a)  Organize  and  research  existing  literature  on  fatigue  life  improvement  techniques  applicable 
to  welded  ship  details; 

b)  Evaluate  the  feasibility,  practicality  and  costs  associated  with  applying  the  various  fatigue 
life  improvement  teclmiques  to  the  construction  of  new  ships  and  to  the  repair  of  fatigue 
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critical  details  in  existing  ships.  The  techniques  should  be  evaluated  in  terms  of  fatigue 
performance  improvement,  practicality  for  constructitm  and  r^air  of  various  ship  structural 
details  including  potential  for  automation  and/or  linking  to  standard  welding  equipment, 
and  costs  and  time  penalties  associated  with  the  techniques;  and 

c)  Determine  optimal  procedures  and  parameters  for  ^^lication  of  those  techmques  that  offer 
the  most  potential  to  provide  reliable  and  cost-effective  fatigue  life  enhancen^nt  for  ship 
structural  details.  Suggest  improvements  and  recommend  any  additicmal  testing  or 
development  work  of  candidate  procedures  required  to  fill  gaps  in  the  technology  or  data. 


1.3  OVERVIEW  OF  REPORT 

This  report  is  organized  into  five  sections  starting  with  Section  1,  the  Introduction. 

Section  2  reviews  the  fatigue  performance  of  welded  details  in  ship  structures  ami,  in  particular, 
discusses  the  physical  mechanisms  by  which  the  fatigue  strength  of  welded  joints  is  much 
reduced  compared  to  that  of  un-welded  steel.  Section  2  concludes  with  a  discussion  of  the 
various  approaches  that  can  be  used  to  improve  tl»  fatigue  strength  of  welded  joints  including 
better  design  of  details,  improved  welding  processes,  and  weld  fatigue  in^rovement  techniques, 
the  latter  of  which  is  the  primary  topic  for  this  r^rt. 

Section  3  provides  a  general  review  of  various  techniques  that  have  been  develcqied  to  in^rove 
the  fatigue  strength  of  welds  including  machining  methods,  remelting  n^hods,  special  welding 
techniques,  peening  methods,  overloading  treatments  and  tlermal  methods.  A  comparison  of 
the  relative  improvement  performaiee,  costs,  and  practical  aspects  is  presented,  and  the 
potential  for  aj^lication  to  ships  is  assessed. 


Section  4  provides  detailed  guidance  on  the  use  of  the  three  post-weld  improvement  techniques 
that,  based  on  the  assessment,  were  determined  to  offer  the  best  jwtential  for  ship  applicatiems. 
These  are  Weld  Toe  Grinding,  Tungsten  Inert  Gas  (TIG)  Dressing,  and  Hammer  Peening. 
Guidance  is  given  towartte  tl^  types  of  details  that  can  bei^fit  from  the  plication  of  these 
techniques,  the  ^gree  of  improvement  in  fatigue  strength  or  life  that  can  be  achieved, 
inspection  and  quality  control  consideratiems,  and  costs.  Detailed  procedures  for  application  of 
these  techniques  are  provided  in  data  sh^ts  presented  in  tte  Appendices. 


Section  5  summarizes  the  main  conclusions  and  recommendations  of  this  work,  and  provi(tes 
recommendations  for  future  research  towards  the  development  and  enhaiKement  of  weld  fatigue 
improvement  technology  for  ship  applications. 
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2.0  FATIGUE  OF  WELDED  SHIP  STRUCTURE  DETAILS 


2.1  FATIGUE  IN  SHIP  STRUCTURES 

Fatigue  may  be  defined  as  the  process  of  cycle  accumulation  of  damage  under  fluctuating 
stresses  and  strains.  An  important  feature  is  that  the  load  is  not  large  enough  to  cause  imme¬ 
diate  failure  but  instead  failure  occurs  after  the  damage  accumulated  has  reached  a  critical  level. 
Ship  structures  experience  cyclic  stress  variations  caused  by  seaway  motions,  wave  loading, 
dynamic  effects  such  as  hull  girder  whipping,  springing,  machineiy  and  hull  vibration,  and  by 
changes  in  cargo  distributions.  These  cyclic  stresses  can  cause  fatigue  cracking  in  the  structural 
members  and  details  of  the  ship  if  they  are  inadequately  designed,  constructed  or  maintained. 
Serious  incidents  of  cracks  involving  primary  or  secondary  structures  can  pose  a  direct  threat  to 
the  safety  and  operational  capability  of  a  ship.  So-called  nuisance  cracks  of  internal  ship 
structure  pose  less  of  a  threat  to  safety,  but  ^ir  frequency  over  the  lifetime  of  a  ship  can  add 
up  to  a  significant  element  of  the  overall  maintenance  and  repair  costs  for  the  ship  structure. 

A  number  of  studies  concerning  the  in-service  fatigue  performance  of  structural  details  on 
commercial  and  military  ships  have  been  published.  Fatigue  critical  locations  in  ships  have 
been  identified  in  a  survey  of  structural  details  by  Jordan  et  al.  in  SSC-272  (1978)  and  SSC-294 
(1980).  Stambaugh  tuid  Wood  (1987)  summarize  fatigue  critical  locations  for  special  details  that 
may  lead  to  fracture.  Heybum  and  Riker  in  SSC-374  (1994)  reviewed  fatigue  problems  in  High 
Strength  Steel  (HSS)  ship  structures.  Clarke  (1991)  and  Kirkhope  et  al.  (1994)  have  reviewed 
fatigue  cracking  experience  in  naval  ships. 

Details  of  tankers  that  have  been  identified  as  being  particularly  prone  to  fatigue  cracking 
include: 

•  intersections  of  longitudinal  stiffeners  (particularly  side  shell  longitudinals)  with  transverse 
structure  (e.g.,  transverse  web  frames  and  bulkheads);  and 

•  bracketed  end  connections  of  primary  and  secondaiy  supporting  elements  such  as  deck  and 
bottom  longitudinals. 

Fatigue  prone  areas  in  bulk  carriers  include: 

•  hatch  comers,  coamings  and  bracketed  connections  between  hold  frames  and  ballast  tanks; 

•  the  intersections  of  transverse  cormgated  bulkheads  with  top-side  stmcture;  and 

•  intersections  of  inner  bottom  plating  with  hopper  plating. 

Additional  areas  that  are  prone  to  cracking  of  a  less  serious  nature  include  weldments  for 
tripping  brackets  and  stiffeners.  Figures  2. 1  and  2.2  summarize  typical  examples  of  fatigue 
cracking  problems  in  ship  structural  details. 
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A  LONGIUIDINAL  STIFFENER  CRACKED 
B  FLAT  BAR  STIFFENER  CRACKED 
C  SHELL  PLATE  TO  WEB  WELD  CRACKED 
Cl  CRACK  EXTENDING  INTO  SHELL  PLATE 
D  WEB  FRAME  CRACKED 
E  BRACKET  CRACKED 
F  LUG  CRACKED  (TYPICAL  DETAIL) 


SIDE  SHELL 


SIDE  SHELL 
LONGITUDINAL 


TYPICAL  SIDE  SHELL  STRUCTURAL  DEFECTS 


Figure  2.1  Typical  Eiaunple  at  Fatigue  Cracking  In  Ship  Structural  Details 
(Stambaug^  et  al.,  1994) 
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Figure  2.2  Typical  TAPS  Tanker  Cracking  ProUems  (Heybum  and  Riker,  1994) 
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It  is  apparent  from  the  above  discussion  that  welded  details  in  ship  structures  represent  a 
particular  weakness  with  regards  to  fatigue  strength.  In  order  to  i^reciate  how  tte  fatigue 
strength  of  a  welded  joint  can  be  improved,  it  is  important  to  understand  the  significant  features 
of  welds  in  relation  to  fatigue  and  their  conseqpences.  The  remaining  sections  of  this  chapter 
review  the  primary  factors  influencing  the  fatigue  strength  of  welded  joints,  and  the  gei^ral 
af^roaches  that  can  be  us«i  to  improve  the  fatigue  performance  of  welded  joints  in  ship 
structures. 


2.2  FATIGUE  STRENGTH  OF  WELDED  JOINTS 

ITie  fatigue  strength  of  a  structural  con^onent  may  be  r^resented  in  terms  of  the  S-N  curve 
which  plots  the  number  of  cycles  to  failure  verses  the  cyclic  stress  range.  Tte  presence  of  a 
weld  in  a  member  can  drastically  reduce  its  fatigue  strength  as  illustrated  in  Figure  2.3  which 
compares  the  S-N  curves  of  welded  connections  with  thc^e  of  notcl^  and  un-notched  steel 
plate.  The  plate  with  a  hole  suffers  a  relatively  modest  r^ctimi  in  fatigue  strength  while  the 
high  cycle  fatigue  strength  of  the  welded  joint  is  reduced  to  about  10%  of  the  fatigue  strength  of 
the  base  material. 


Endurance.cycles 


Figure  2.3  Comparison  Between  Fitfigue  Stroigtlis  oi  Plain  Steel  Pbtfe,  Notched  Plate,  and  Hide 
with  Fillet  Welded  Attachimnt  (Maddox,  1983) 
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Figure  2.4  compares  the  fatigue  strength  of  steel  plate  at  10^  cycles  as  a  function  of  the  ultimate 
tensile  strength  of  the  steel.  In  this  figure,  it  can  be  seen  that  the  fatigue  strength  of  steel  plate 
and  notched  plate  increases  with  tensile  strength,  while  the  fatigue  strength  of  welded  joints  is 
independent  of  the  tensile  strength.  The  use  of  High  Strength  Steels  (HSS)^  in  the  construction 
of  ships  can  potentially  lead  to  a  significant  reduction  in  the  weight  of  the  structure,  and  there¬ 
fore  in  the  subsequent  build  and  operating  costs.  This  reduction  is  achieved  through  generally 
lighter  scantlings  and  higher  permissable  design  stresses,  but  results  in  correspondingly  higher 
operational  fatigue  stresses.  The  low  fatigue  strength  of  welded  joints  is  therefore  normally  a 
limiting  factor  in  the  design  of  more  efficient  ship  structures  using  HSS. 


Ultimate  tensile  strength  of  steel,  N/mm2 
Figure  2.4  Effect  of  TensOe  Strength  on  Fatigue  Strength  of  Steel  (Maddox,  1983) 


^  HSS  in  the  context  of  ship  construction  and  Classification  Society  rules  generally  have  a  minimum 
specified  yield  strengdi  of  up  to  390  MPa  (56  ksi)  compared  to  conventional  Mild  Steels  (MS)  with 
yield  strengflis  of  235  MPa  (34  ksi).  Older  hi^er  strengfli  grades,  exemplified  by  HY80  (550 
MPa  /  80  Ksi  yield)  and  T1  (ASTM  A514,  690  MPa  /  100  ka  yield)  are  most  commonly  used  in 
military  ^p  applications.  Newer  grades  of  High  Strengdi  Low  Alloy  (HSLA)  and  Thermo 
Mechanical  Controlled  Process  (TMCP)  steels  possess  excellent  weldability  characteristics  with 
yield  strengdis  in  excess  of  450  MPa  (65  ksi). 
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There  are  several  physical  m^hanisins  that  contribute  to  the  leducticm  in  fatigue  strength  in 
welded  joints.  Hie  main  mechanisms  include: 

•  PreseiM^e  of  initial  crack-like  (tefects; 

•  Stress  concentration  at  the  weld  toe;  and 

•  Residual  tensile  stresses. 

Each  of  these  are  discussed  in  the  following  subsections. 


2.2.1  Initial  Weld  Defects 

The  total  fatigue  life  of  a  structural  con^nent  may  be  divide  into  two  phases: 

1.  Crack  Initiation;  and 

2.  Crack  Propagation. 

For  plain  plate  and  smooth  lightly  notched  componrats  the  initiati<m  {rfiase  is  the  most  in^iottairt 
with  the  majority  of  the  life  teing  spent  in  the  initiation  of  small  cracks.  However,  in  tl^  case 
of  welded  comp<ments  it  is  generally  accepted  that  small  crack-like  defects  inherently  exist  at 
the  wel(te  from  the  welding  process  and  therefore  the  initiaticm  phase  is  relatively  insignifkaitt. 
The  bulk  of  the  fatigue  life  in  welded  conqponei^  is  speitt  in  prqHigatimi  of  these  crack-life 
defects  until  fmal  failure  occurs.  For  example,  experimental  results  on  joints  with  fell  penetra¬ 
tion  transverse  welds  have  shown  that  about  70  %  of  the  fatigue  life  is  spent  in  profmgaticm  of 
weld  toe  cracks  from  an  initial  size  of  0.5  mm  (0.02  in.)  to  final  feilure.  Bell  et  al.  (1087), 
Vosikovsky  et  al.  (1985)  and  Yee  ei  al.  (1990). 

The  defects  which  can  occur  at  a  welded  joint  are: 

1.  Slag  uK^lusions 

2.  Por(»ity 

3.  Lack  of  pen^tion 

4.  Lack  of  sidewall  fesi(xi 

5.  Liquation  cracking 

6.  Solidificaticni  cracking 

7.  Hydrogen  cracking 

8.  Excessive  undercut 

The  first  two  defect  types  are  not  often  a  problem  though  limits  are  placed  tm  the  lengdi  of  slag 
inclusions.  The  remaining  five  defects  are  planar  in  character  and  can  be  serious  in  terms  of 
their  influence  on  fatigue  life  and  brittle  fracture. 

Figure  2.5  illustrates  varicais  types  of  defects  which  significantly  affect  the  fatigue  life  of  welds. 
Figure  2.6  gives  an  indication  of  the  relative  sizes  of  inherent  weld  defats  for  various  welding 
processes.  Techniques  that  remove  def(^ts  at  tte  weld  toe  can  ai^ieciably  exfeod  initiation  life, 
thus  increase  the  overall  fatigue  life  significantly. 


-8- 


Lack  of  fusion 


Figure  2.5  Types  of  Weld  Defects  that  Siguificantly  Affect  Fatigue  Life 


Figure  2.6  Weld  Defect  Sizes  for  Different  Wdding  Processes  (Gordon,  1993) 


It  should  be  noted  that  fatigue  cracks  originate  at  the  weld  toe  in  full  penetration  joints,  but  may 
originate  at  the  weld  toe  or  weld  root  in  partial  penetration  welds.  Ttere  is  little  scq)e  for 
improving  the  fatigue  strength  of  welded  joints  which  fail  from  the  root  apart  from  ensuring,  by 
good  design,  that  die  weld  size  and  depth  of  penetration  are  sufficient  that  failure  from  the  ro(^ 
is  unlikely  to  occur. 

There  are  potentially  several  sites  from  which  a  crack  may  initiate  and  grow.  By  toe  dressing  a 
weld,  the  initiation  site  may  move  to  internal  parts  of  the  weld.  In  this  circumstance,  there  are 
several  weld  defect  types  that  could  be  an  initiation  site.  The  defects  include  lack  of  fusirm, 
voids,  porosity,  cold  cracks,  inclusions,  etc. 


2.2.2  Stress  Concentridioiis  at  Welded  Joints 


Fatigue  prdjlems  tend  to  occur  at  stress  concentrations  in  structures.  Weltted  joints  can  intro¬ 
duce  significant  stress  concentraticms  due  to  the  discontinuities  associated  with  tte  geometry  of 
the  detail  and  the  abrupt  change  in  section  at  the  weld  toe,  and  to  local  misalignments  often 
present  at  a  plate  weld  cmm^tion. 


As  illustrated  in  Figure  2.7,  the  stresses  in  the  vicinity  of  a  welded  joint  rise  very  r^idly  aiKl 
non-linearly  as  the  weld  toe  is  af^roached.  The  stress  concentration  factor  due  to  the  notch  at 
the  weld  toe  is  a  function  of  the  weld  shape  and  weld  toe  geometry  which  are  deftned  the 
weld  toe  angle,  0,  and  tl»  weld  toe  radius,  p,  as  shown  in  Figure  2.8.  Niu  and  Glinka  (1987) 
proposed  the  following  relationship  for  the  nmch  stress  concentration  factor  at  a  weld  toe: 


1  -t- 0.5121  •0°-^’2-(t/p)®  '^’ 

where  Kw  is  the  notch  stress  concentration  factor  due  to  the  weld  profile; 
6  is  tl^  weld  flank  angle  in  radians; 
p  is  the  weld  toe  radius; 

t  is  the  plate  thickness. 


(2.1) 


Typical  values  of  the  weld  toe  parameters  have  been  given  by  a  number  of  researcters  including 
Bell  et  al.  (1989),  Vosikovsky  and  Bell  (1991)  and  SablcA:  and  Hartt  (1991).  From  these  studies, 
weld  toe  radii  for  manual  welds  are  in  the  range  of  0. 1  to  0.2  mm  (0.004  to  0.008  in.).  It 
should  also  be  noted  that  the  weld  toe  angle  is  more  or  less  ind^)endent  of  weld  size  for 
manual  welds  (6=45®  or  it/4  radians  is  typical).  E(}uation  2. 1  predicts  values  ranging  from 
1 .5  to  2.3  for  these  values  of  weld  toe  radii  and  toe  angles  which  can  be  considered  to  be 
representative  of  ship  welds.  Eqpiation  2. 1  also  suggests  ftiat  the  nr^h  stress  concentration  at 
the  weld  toe  can  be  reduced  by  increasing  the  toe  radius  and  reducing  the  weld  toe  angle,  for 
example  by  profiling  and  /  or  grinding  tiie  weld. 

The  overall  stress  concentration  factor  of  a  welded  detail  can  be  considered  to  be  the  product  of 
the  notch  stress  concentration  factor  due  to  the  local  geometry  of  the  weld  profile,  and  the 
geometric  stress  ccmcentration  factor  due  to  the  gross  geometry  of  the  detail.  The  wide  varia¬ 
tion  in  the  fatigue  strength  of  different  types  or  categories  of  welded  joints,  as  illustrated  in 
Figure  2.9,  arises  primarily  as  a  result  of  variations  in  the  severity  of  the  geon^tric  stress 
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concentrations  for  different  joint  types  and  loading  conditions.  Undercuts,  of  the  type 
illustrated  in  Figure  2.S,  can  also  give  rise  to  high  stress  concentrations.  Severe  geometric 
stress  concentrations  can  arise  in  joints  loaded  in  the  transverse  direction  (eg..  Detail  30  of 
Figure  2.9,  Class  E  weld)  and  in  short  discontinuous  welds  loaded  longitudinally  (eg..  Detail 
36  of  Figure  2.9,  Class  D  weld),  with  the  result  that  such  details  have  relatively  low  fatigue 
strengths. 


stress ) 


Figure  2.7  Stresses  Near  the  Weld  Toe  (Maddox,  1993) 
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Cruciforra  joints 
1/4^  weld,  lo-plaae 
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weld  toe,  C 


30 


Lateral  attac^eats 
to  plate.  Axial 


36 


Welded  beam  with 
intemictent  welds 
and  cope  hole  in 
the  web.  Bending 


Flgiu-e  2.9  Wdd  Detail  Fatifne  Ciurcs  (Stmibatt^  et  a.,  1992;  aa^ted  flrom  Mmse  et  a. 
1983) 
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It  should  be  noted  that  detailed  stress  analysis  will  indicate  that  overall  stress  concentration 
factors  for  welded  joints  are  nominally  no  worse  than  that  at  the  edge  of  a  hole  (SCFi=3). 
However,  Figure  2,3  shows  that  the  fatigue  strength  of  a  welded  detail  is  much  reduced  in 
comparison  to  a  plate  with  a  hole.  Thus,  although  the  stress  concentration  associat^  with  a 
welded  joint  is  a  contributing  factor,  it  is  secondary  in  importance  to  that  of  pre-existing  crack- 
like  defects  in  terms  of  its  effect  in  reducing  the  fatigue  strength  especially  at  long  lives  (high 
cycle  /  low  stress  regime  of  S-N  curve). 

2.2.3  Residual  Stresses  in  Welded  Joints 

The  welding  process  results  in  high  levels  of  tensile  residual  stresses  set  up  in  and  around  the 
weld  as  a  result  of  contraction  of  the  metal  after  it  cools  down.  The  tensile  residual  stresses 
approach  the  yield  strength  of  the  base  metal  (Figure  2. 10)  and  this  contributes  to  a  reduction  in 
fatigue  strength  of  welded  components  and  structures.  Any  applied  cyclic  loading  is  super- 
impnsed  on  the  residual  stresses  so  that,  effectively,  in  the  vicinity  of  the  weld  the  stress  cycles 
from  tensile  yield  stress  downwards  with  the  stress  range  unchanged  as  illustrated  in  Figure 
2.11.  Even  if  the  loading  produces  nominally  compressive  stresses,  the  presence  of  tensile 
residual  stresses  will  result  in  tensile  cyclic  stress  being  experienced  at  the  weld  toe.  For  this 
reason,  the  fatigue  strength  of  a  joint  in  the  as-welded  condition  is  the  same  in  tension  and 
compression  loading  as  shown  in  Figure  2. 12. 


Figure  2.10  Typical  Residual  Stress  Distribution  in  Welded  Joint  (Gordon,  1993) 
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Figure  2.11  Effect  Str^  Renting  fk'mn  Supoposttkm  of  Apj^ied  and  Reddnal  Stress 
(Gordon,  1993) 


Figure  2.12  Effect  of  Applied  Stress  Rrdio  (m  Fatigue  StreMth  of  As>Wdded  Steel  Joints 
(Maddox,  1993) 
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In  circumstances  in  which  a  joint  is  loaded  mainly  in  compression,  the  fatigue  strength  can  be 
increased  by  stress  relief  which  removes  residual  tensile  stresses  at  the  weld,  Gumey  (1978). 

In  this  sense,  post  weld  heat  treatment  (PWHT)  or  stress  relief  can  be  regarded  as  a  fatigue 
improvement  technique  (see  Section  3.5).  However  it  should  be  noted  that  in  practice  local 
residual  tensile  stresses  of  the  order  of  20%  to  30%  of  the  yield  strength  can  still  remain  after 
PWHT.  In  addition,  in  large  constructions  such  as  ship  structures,  there  may  be  some  longer 
range  assembly  and  construction  residual  stresses  which  may  also  contribute  a  residual  tensile 
stress  field  at  the  weld.  These  may  be  relieved  to  some  extent  with  service  (shake  down  effect), 
however  this  is  difficult  to  predict.  As  a  result,  even  when  the  stresses  due  to  applied  loads  are 
nominally  compressive,  stress  relief  or  PWHT  may  only  marginally  improve  the  fatigue 
strength  of  a  welded  joint  in  a  structural  assembly.  Stress  relief  has  little  effect  if  the  applied 
loading  on  the  detail  gives  rise  only  to  tensile  stresses. 

Certain  techniques,  such  as  peening  treatments  (see  Section  3.4),  effectively  replace  welding 
tensile  residual  stresses  with  local  compressive  residual  stresses  at  the  weld.  The  compressive 
residual  stresses  resulting  from  such  treatments  can  approach  the  yield  strength  of  the  base 
metal.  Any  applied  cyclic  stresses  will  be  superimposed  on  the  local  compressive  residual 
stresses.  Provided  the  cyclic  stress  range  does  not  exceed  the  yield  strength,  the  stress  cycles  in 
the  vicinity  of  the  weld  remain  in  the  compressive  range.  This  effectively  impedes  crack 
propagation  thereby  increasing  the  fatigue  strength  or  life  of  the  welded  joint  substantially. 


2.3  IMPROVING  FATIGUE  STRENGTH  OF  WELDED  SfflP  DETAILS 

The  foregoing  discussion  has  indicated  that  the  relatively  low  fatigue  strength  of  welded  joints  is 
due  to  the  existence  of  crack-like  defects  at  the  weld  (hence  insignificant  crack  initiation  life), 
the  stress  concentrations  associated  with  the  weld  profile  and  joint  geometry,  and  the  presence 
of  tensile  residual  stresses  arising  from  the  welding  process.  The  fatigue  strength  of  welded 
joints  in  ship  structures  can  be  improved  by  procedures  which  reduce  or  eliminate  these  effects. 
In  broad  terms,  this  can  be  achieved  by; 

•  Improvements  in  the  design  of  weld  details; 

•  Improvements  in  the  welding  and  fabrication  procedures;  and 

•  Weld  fatigue  improvement  techniques. 

These  are  briefly  discussed  in  the  following  subsections.  However,  before  proceeding,  it  is 
worth  mentioning  that  a  fourth  category  may  be  added  for  improving  in-service  performance  of 
welded  details,  namely  improved  inspection  and  maintenance  procedures.  This  is  especially 
important  where  fatigue  critical  details  are  situated  in  areas  that  can  experience  corrosion,  such 
as  cargo  and  uncoated  ballast  tanks,  as  corrosion  can  greatly  accelerate  fatigue  cracking. 
Improved  inspection  and  maintenance  procedures  that  ensure  the  integrity  and  upkeep  of 
protective  coatings  and  anodes  will  also  ensure  that  the  fatigue  performance  of  welded  details  in 
such  areas  are  not  compromised.  It  should  also  be  noted  that  in  many  cases,  better  detail 
design,  fabrication  and  /  or  weld  fatigue  improvement  techniques  can  also  result  in  improved 
application  and  adherence  of  protective  coatings  at  welds,  thereby  not  only  improving  fatigue 
performance,  but  also  corrosion  protection. 
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2.3.1  ImproTements  Throu^  Better  Det^  D^gn 

Designers  should,  in  gei^ral,  noake  every  attenq>t  to  achieve  the  required  fatigue  strength  from 
a  structure  by  good  design.  The  ftuulamental  c^j^tive  should  be  to  eliminate  anticipated 
fatigue  durability  problems  with  critical  structural  details  (Bea,  1992),  for  exan^)le  Ity  ensuring 
proper  load  transfer  mechanisms  and  minimizing  stress  concentrations. 

Until  recently,  fatigue  performance  of  details  was  not  explicitly  considered  Ity  ^igimrs. 
However  extensive  fatigue  cracking  ecqcerience  in  the  Very  Large  Crude  Carriers  (VLCCs), 
Trans  Alaska  Pipeline  Service  tankers,  and  Inilk  carrier  fleets  has  led  to  explicit  fatigue  design 
assessment  retirements  and  procedures  from  each  of  tl^  major  ClassifKation  Soci^ies.  These 
rules  are  often  accompanied  by  design  guidance  for  fatigue  critical  details.  In  addition,  several 
recent  Ship  Structure  Committ^  reports  (for  example,  SSC-374  and  SSC-379)  provide  design 
guidance  for  selection  of  improved  ship  hull  structural  details  relative  to  fatigue. 

The  fatigue  design  assessment  for  a  detail  involves  evaluating  the  nominal  stress  range  iqcpli^ 
at  the  weld,  which  is  primarily  dependant  on  the  geometric  stress  concentratitm  factor  for  the 
detail  and  the  manner  of  loading,  and  comparing  this  to  the  S-N  curve  for  tlm  category  of  weld. 
Tlie  latter  S-N  curves  are  defined  for  a  range  of  basic  weld  categories  or  configurations  (Figure 
2.9).  Figure  2. 13  illustrates  how  the  basic  weld  categories  are  related  to  actual  ship  weld 
details.  The  design  guidance  primarily  focusses  cm  selecting  ^rqpriate  classes  of  weld  details 
and  reducing  the  geometric  stress  concentration  factor  for  fatigue  critfeal  details  thrmigfa  b^ter 
proportioning  and  alignment  of  members,  and  improved  stress  cmitinuity  (eg.  bracks  with 
large  radius,  soft  toes,  tapered  flanges  -  Figure  2.14). 


Lofigitudinol  Section 


Figure  2.13  Relation  Betwera  Ship  Structure  DetaOs  and  Bi^  Wdd  Details  (StamlNU^)  et  al.y 
1992) 
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U^P*M  0tcie 


Originai  Design 

EXPECTED  FATIGUE  LIFE  19.2  YEARS 


Modified  Design 

EXPECTED  FATIGUE  LIFE  44:4  YEARS 


Figure  2.14  Increasing  Fatigue  Life  by  Improyed  Detail  Design  (Bea,  1992) 
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Note  that  improved  fatigue  strength  thrmigh  better  detail  design  is  essentially  achieved 
reducing  the  nominal  applied  stress  levels  and  /  or  the  geometric  stress  concentration  factor  for 
the  welded  joint.  Other  effects  such  as  the  presence  of  initial  weld  defects  and  residual  tensile 
stresses  are  generally  not  consi<tered. 

2.3.2  Improved  Wdding  and  Fabric^ion  Processes 

There  is  increasing  evidence  to  show  that  the  fatigue  life  of  welded  joints  is  influenced  by 
welding  processes,  welding  procedures,  etc.  Controlled  assembly  and  welding  procedures  can 
help  to  reduce  tensile  residual  stresses,  and  stress  concentrations  due  to  misalignments.  Weld 
profiling  and  the  use  of  special  electrodes  (see  Section  3.4)  are  weld  fatigue  improvenwnt 
methods  that  can  form  an  integral  part  of  the  welding  process  itself.  This  is  obviously  attractive 
from  a  production  point  of  view. 

Figure  2.6  indicates  that  weld  initial  defect  sizes  can  differ  substantially  for  different  types  of 
welding  processes  and  this  can  have  a  significant  effect  on  the  fatigue  life.  Figure  2. 15  shows 
that  different  welding  processes  result  in  different  weld  profiles  and  how,  in  combination  with 
different  initial  defect  sizes,  this  can  dramatically  affect  tte  fatigue  strength  of  tte  same  basic 
weld  detail.  It  has  also  been  reported  that  the  waviness  or  irregularity  of  the  weld  toe  in  the 
length  direction  (Figure  2.16)  has  a  considerable  influence  on  fatigue  life  (Chapetti  et  al.,  1995; 
Brooke,  1988;  Otegui  et  al. ,  1989).  In  welds  with  large  waviness,  cracks  are  initiated  only  at 
the  crests  of  the  waves  which  results  in  a  large  degree  of  mismatch  between  the  cracks.  TTus 
delays  crack  coalescence  and  results  in  longer  fatigue  lives,  niis  effect  is  prc^wsed  as  an 
explanation  of  the  fact  that  the  service  lives  of  welds  made  by  automatic  welding  processes  are 
usually  considerably  shorter  than  the  lives  of  manual  welds  (Gurney,  1979). 

All  of  these  factors  have  important  implications  for  the  ofrtimization  of  welding  and  fabrication 
processes  with  the  aim  of  extending  fatigue  life. 

2.3.3  Weld  Fatigue  Improyement  Techniques 

Weld  fatigue  improvenwnt  techniques  are  desigi^  to  improve  the  fatigue  strength  of  the  weld 
itself.  Fatigue  improvement  of  the  weld  is  achieved  by  one  or  more  of  the  following  basic 
mechanisms: 


•  Removal  of  pre-existing  crack-like  defects  at  the  weld  toe; 

•  Reduction  of  the  notch  stress  concentration  factor  tty  improving  the  shape  of  the  weld 
(increasing  weld  toe  radius  and  decreasing  weld  toe  angle);  and 

•  Removal  of  harmful  tensile  residual  stresses  and  /  or  introduction  of  beneficial  con^ressive 
residual  stresses  in  the  weld  toe  region. 
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Uf«,  cyciM 

Figure  2.15  Ini[M*OTements  in  Fatigue  Strength  by  Difra*ait  Welding  Processes  (Gordon,  1993) 


A)  B) 


Automatic  Welding  Manual  Welding 


Figure  2.16  Weld  Toe  Irregularity  for  Automatic  and  IMhmual  Weld  Processes  (Haagensen,  1996) 
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Such  techniques  can  be  used  under  circumstances  where  it  is  necessary  or  desirable  to  mcrease 
the  fatigue  strength  of  a  particular  weld  detail,  but  that  it  is  not  practicable  to  modify  the  joint 
geometry  or  basic  category  of  weld  detail.  Examples  of  circumstances  in  which  improvement 
techniques  might  be  used  include  (Maddox,  1983): 

•  To  extend  the  fatigue  life  of  an  existing  weld  detail  which  has  prematurely  failed  and  has 
been  repaired,  if  the  remaining  life  of  the  structure  exceeds  that  used  before  the  failure 
occurred; 

•  To  extend  d»  fatigue  life  of  an  existing  weld  in  a  region  which  is  found  to  be  more  severely 
loaded  in  service  than  had  been  assumed  in  design; 

•  where  the  requirement  is  for  effectively  infinite  life  but  the  low  fatigue  limit  of 
the  welded  joint  is  impractical;  and 

•  Occasions  when  high  strength  material  is  to  be  utilized  to  increase  design  stresses. 

The  remainder  of  this  report  is  devoted  to  the  subject  of  weld  fatigue  improvement  techniques. 
Chapter  3  presents  a  broad  review  of  the  complete  range  of  techniques  that  are  currently 
available  to  improve  the  fatigue  strength  of  welded  joints.  Chapter  4  focusses  on  the  practical 
application  of  three  of  these  techniques  (toe  grinding,  TIG  dressing  and  hammer  peening)  to 
ship  structures. 
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3.0 


GENERAL  REVIEW  OF  FATIGUE  IMPROVEMENT  TECHNIQUES 


3.1  INTRODUCTION 

As  stated  previously,  the  fatigue  life  of  welded  components  and  structures  is  dominated  by  the 
fatigue  crack  propagation  phase  because  the  initiation  phase  is  insigmficant  or  in  some  cases 
non-existent  due  to  the  presence  of  initial  defects  resulting  from  the  welding  process.  Other 
factors  affecting  the  fatigue  strength  of  welded  joints  include  the  stress  concentrations  associated 
with  the  weld  profile  and  joint  geometry,  and  the  presence  of  tensile  residual  stresses  arising 
from  the  welding  process.  In  many  cases  the  fatigue  life  of  welded  components  and  structures 
can  be  substantially  improved  both  during  initial  manufacture  and  repair  by  the  application  of 
weld  improvement  meliods  which  reduce  or  eliminate  these  effects. 

In  general  the  weld  fatigue  improvement  methods  can  be  divided  into  two  main  groups 
comprising: 

1.  weld  geometry  modification  methods  that  remove  weld  toe  defects  and  /  or  reduce  the  stress 
concentration;  and 

2.  residual  stress  methods  that  introduce  a  compressive  stress  field  in  the  area  where  cracks  are 
likely  to  initiate. 

This  chapter  reviews  the  various  weld  fatigue  improvement  techniques  that  can  be  applied  to 
welded  components  and  structures.  A  summary  of  the  various  improvement  techniques  to  be 
considered  is  shown  in  Figure  3.1. 

3.2  WELD  MODIFICATION  TECHNIQUES 
3.2.1  Burr  Grinding 

Weld  burr  grinding  is  carried  out  using  a  high  speed  pneumatic,  hydraulic  or  electric  grinder 
driving  rotary  burrs  at  a  rotational  speed  of  between  15,000  and  40,000  rpm.  In  full  profile 
burr  grinding  the  complete  weld  face  is  machined  to  remove  surface  defects  and  to  blend  the 
weld  metal  with  the  base  plate.  This  gives  the  weld  a  favourable  shape  which  reduces  the  local 
stress  concentration.  In  weld  toe  burr  grinding  only  the  weld  toe  is  machined  to  remove  weld 
toe  defects  and  reduce  the  weld  toe  angle  which  results  in  a  decrease  in  the  weld  toe  stress 
concentration.  For  both  procedures  it  is  essential  that  all  defects  and  undercuts  are  removed 
from  the  weld  toe.  Therefore  material  is  removed  to  a  depth  of  at  least  0.5  mm  (0.02  in.) 
below  any  visible  undercut,  but  should  not  exceed  2.0  mm  (0.08  in.)  or  5  %  of  the  plate 
thickness.  Figure  3.2  (BS  7608,  1993).  The  specifications  for  performing  weld  toe  burr 
grinding  are  outlined  in  a  recent  IIW  Working  Group  document  by  Haagensen  and  Maddox 
(1995).  The  suggested  position  and  travel  of  the  burr  grinding  tool  is  shown  in  Figure  3.3. 
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Figure  3.1  Classiflcatiw  of  S(»iie  Wdd  Imp'OTement  Methods 
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NOTE:  Grinding  a  weld  toe  tang^ially  to  tbe  plate  surface  as  at  A  will  produce  little  inqxrov^ent  in  str^gth. 
Grinding  should  extend  below  the  plate  surface,  as  at  B,  in  order  to  r^nove  toe  flaws. 


Figure  3.2  Toe  Grinding  to  Improve  Fatigue  Strength  (BS  7608, 1993) 


For  maximum  improvtmant, 
grinding  should  sxMnd  0^  mm 
below  last  visible  ^a^s  of 
weld  toe  discontira^lies,  to 
depth  ol  ^  least  0  J  mm. 
Redt^ed  benefit  if 
disconfinuities  just 
removed. 


Figure  3.3  Weld  Toe  Burr  Grin^g  Technique  and  Maddox,  1995) 


The  grinding  process  can  be  performed  at  the  rate  of  about  1  metre  per  hour  by  a  well  equipped 
operator,  however,  the  process  is  noisy  and  tl^  qperator  must  wear  heavy  protective  clotog  to 
protect  against  the  hot  sharp  cuttings.  The  bum  have  a  limited  life  and  must  be  changed 
regularly  therefore  the  process  is  time  consuming  ai^  expensive,  Valaire  (1993).  Inspection  of 
the  ground  welds  should  include  the  weld  toe  radius,  and  the  depth  of  material  removed  at  the 
weld  toe.  The  improvement  in  fatigue  strength  resulting  from  the  toe  burr  grinding  is  lower  than 
that  obtained  by  full  profile  grinding.  However,  the  cost  for  toe  grinding  is  substantially  tess. 
From  the  published  data  the  range  in  fatigue  strength  improvement  at  2  x  10®  cycles  is  between 
50  and  200%  depending  on  tl^  type  of  joint.  Smith  and  Hirt  (1985). 
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3.2.2  Disc  Grinding 

When  a  disc  grinder  is  used  to  remove  slag  inclusions  and  undercuts  and  modify  the  weld  shape 
the  process  is  less  time  consuming  and  thus  less  costly,  however,  an  inexperienced  operator  may 
remove  too  much  material.  In  addition  disc  grinding  has  the  disadvantage  of  leaving  grinding 
marks  which  are  normal  to  the  stress  direction  in  a  transversely  loaded  weld,  which  serve  as 
initiation  sites  for  fatigue  cracks.  Thus  the  fatigue  improvement  results  obtained  using  disc 
grinding  are  somewhat  less  than  those  obtained  for  burr  grinding  and  the  results  also  have  a 
larger  scatter.  The  fatigue  strength  improvement  obtained  for  disc  ground  welded  joints  at  2  x 
10®  cycles  is  in  the  range  of  20  to  50% ,  Smith  and  Hirt  (1985). 

3.2.3  Water  Jet  Eroding 

The  water  jet  eroding  technique  involves  directing  a  jet  of  high  pressure  water  which  contains 
abrasive  particles  at  the  weld.  The  abrasive  particles  erode  the  weld  face  material  removing  the 
weld  toe  area  including  undercuts  and  slag  inclusions.  During  the  process  the  position  of  the 
nozzle  is  held  approximately  45®  to  the  x-axis  as  shown  in  Figure  3.4.  The  physical  mechan¬ 
isms  for  the  resulting  improvement  in  fatigue  strength  are  similar  to  other  weld  toe  treatments, 
namely,  the  weld  toe  angle  is  reduced  to  provide  a  smooth  transition  to  the  base  plate,  and  weld 
toe  inclusions  and  undercuts  are  removed  resulting  in  a  reduction  in  the  weld  toe  stress  concen¬ 
tration.  It  is  reported,  Harris  (1994),  that  this  technique  can  be  applied  more  rapidly  and  thus 
more  cost  effectively  than  other  toe  dressing  treatments  such  as  grinding,  TIG^  or  Plasma 
dressing.  The  rate  of  erosion  is  recorded  as  20  to  45  m/h  (65  to  150  ft/h)  as  compared  to  0.5  to 
2.5  m/h  (1.5  to  8  ft/h)  for  grinding  and  0.9  m/h  (3  ft/h)  for  TIG  dressing.  However,  this  fast 
rate  of  erosion  requires  special  operator  training  and  control  since  there  can  be  a  risk  of 
removing  too  much  material  in  a  relatively  short  time. 


3.3  WELD  TOE  REMELTING  TECHNIQUES 

Using  these  techniques  the  weld  toe  region  is  remelted  to  a  shallow  depth  which  results  in  a 
weld  joint  with  a  substantially  increased  fatigue  strength.  This  increase  results  from  an 
improved  weld  toe  shai>e  with  a  reduced  stress  concentration  factor,  the  removal  of  slag 
inclusions  and  weld  toe  undercuts  and  a  higher  hardness  in  the  heat  affected  zone,  Kado  et  al. 
(1975).  The  remelting  or  weld  toe  dressing  process  is  carried  out  using  Tungsten  Inert  Gas 
(TIG)  or  Plasma  welding  equipment.  A  major  advantage  of  these  processes  is  that  they  are  both 
suitable  for  automation.  However,  one  disadvantage  is  that  it  is  difficult  to  establish  an 
inspection  criterion  to  ensure  that  the  process  has  been  carried  out  satisfactorily. 


^  TIG  (Tungsten  Inert  Gas)  Dressing  has  traditionally  been  used  to  describe  weld  toe  remelting 
techniques  using  HG  welding  equipment.  This  terminology  is  used  throughout  diis  report. 
Current  terminology  for  die  HG  welding  process  is  GTAW  (Gas  Tungstem  Arc  Welding)  as 
defined  by  die  American  Welding  Society. 
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Figure  3.4  Technique  fw  Abrasiye  Water  Jet  Toe  Dres^g  (Harris,  1994) 
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3.3.1  Tungsten  Inert  Gas’  (TIG)  Dressing 


In  this  technique,  standard  TIG  welding  equipment  is  used  without  the  addition  of  any  filler 
material,  at  typical  heat  inputs  of  1.0  to  2.0  kJ/mm  (25000  to  50000  J/in.).  Optimum 
conditions  for  TIG  dressing  have  been  proposed  by  Kado  et  al.  (1975).  The  depth  of 
penetration  of  the  arc  is  approximately  3  mm  (0. 12  in.),  however,  in  some  cases  a  deeper 
penetration  of  6  mm  (0.25  in.),  produced  by  higher  heat  inputs,  has  been  used  to  remove  4  mm 
(0.16  in.)  deep  fatigue  cracks,  Fisher  and  Dexter,  (1993). 

In  older  C-Mn  steels  with  a  relatively  high  carbon  content  the  remelting  process  produces 
excessive  hardness  levels  in  the  heat  affected  zone.  To  remedy  this  problem  a  second  TIG  run 
procedure  was  developed  to  temper  the  weld  toe  region  and  produce  acceptable  hardness  levels 
of  300  HV  using  10  kg  load,  Haagensen  (1978).  The  position  of  this  second  TIG  run  is  about  4 
mm  (0. 16  in.)  from  the  first  run  as  shown  in  Figure  3.5.  This  second  TIG  run  also  contributes 
to  a  better  transition  between  the  weld  and  the  base  plate  but  the  overall  economy  of  the 
dressing  process  is  adversely  affected. 

The  success  of  TIG  dressing  is  very  sensitive  to  operator  skill  and  requires  ensuring  proper 
operating  conditions  such  as  cleanliness  of  weld  and  plate,  welding  current,  welding  speed  and 
gas  shield  flow  rate  for  optimum  results.  In  addition,  the  position  and  angle  of  the  torch 
relative  to  the  weld  toe  is  critical.  Figure  3.6,  to  obtain  an  optimum  weld  toe  shape  as  shown  in 
Figure  3.7.  For  this  reason  and  the  complexity  of  the  optimization  process  it  has  been 
suggested  by  Haagensen  (1991)  that  the  procedure  be  validated  through  a  HG  dressing 
procedure  qualification  test  similar  to  welding  procedure  qualification  tests. 

Typical  results  obtained  from  weld  joints  treated  by  this  process  are  shown  in  Figure  3.8.  The 
increase  in  fatigue  strength  at  2  x  cycles  is  approximately  50%.  The  variation  in  fatigue 
strength  with  ultimate  tensile  strength  does  not  appear  to  exhibit  a  consistent  trend  for  TIG 
dressed  joints  based  on  the  data  shown  in  Figure  3.9,  Haagensen  (1985). 

3.3.2  Plasma  Dressing 

Plasma  dressing  is  similar  to  HG  dressing,  the  main  difference  being  higher  heat  input  of  about 
twice  that  used  in  TIG  dressing.  The  higher  heat  input  produces  a  larger  weld  pool  which 
results  in  a  better  transition  between  the  weld  material  and  the  base  plate.  Also  the  larger  weld 
pool  makes  this  procedure  less  sensitive  to  electrode  position  relative  to  the  weld  toe. 

It  has  been  found  that  the  improvements  in  fatigue  life  obtained  from  plasma  dressing  are 
generally  greater  than  for  TIG  dressing  particularly  for  higher  strength  steels.  Figure  3.10, 
Haagensen  (1985).  The  cost  of  TIG  and  Plasma  dressing  is  relatively  inexpensive,  however,  the 
heavy  cumbersome  equipment  and  accessibility  may  limit  use. 


’  See  foomote  2. 
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(a)  PcM^lon  of  Etectrode  (b)  Bead  |»'c^le 


Figure  3.6  TIG  Dressing  (Ha^ensen,  1991) 
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(b)  and  (c)  are  too  close  to  toe  resulting  in  non-optimal  shape 


Figure  3.7  Position  of  TIG  Electrode  and  the  Resulting  Profries  (Kado  et  al.,  1975) 
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Fatigue  strength  AS,(MPa)  of  improved 
welded  joint  at  2  milt,  cycles 
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Figure  3.8  Effect  of  HG  Dr^iug  on  the  Fatigue  Strength  ^  a  Medimn  Strength  Steel 
(I&iagensen,  1981) 


Ultimote  tensile  strength  .  F^(nPa)  Ultimote  tensile  strength  ,  RmtHPa) 


Figure  3.9  Variation  in  Fatigne  Strei^h  Inqn'OTenwnt  Due  to  TIG  Dress^  as  a  Function  of 
Base  Material  Straigth  (Hai^ensen,  1985) 
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Fatigue  strer.gth  AS,(MPa)  of  improved 
welded  joint  at  2  mill,  cycles 


Figure  3.10  Variation  in  Fatigue  Strength  Improyement  Due  to  Plasma  Dressing  as  a  Function  of 
Base  Material  Strength  (Haagensen,  1985) 


3.4  SPECIAL  WELDING  TECHNIQUES 

Special  welding  techniques  are  fatigue  improvement  methods  that  are  applied  as  part  of  the 
welding  process  and  attempt  to  eliminate  costly  post  weld  finishing.  This  approach  is  attractive 
because  at  the  production  stage  costs  are  lower  and  quality  control  is  simpler  than  for  post  weld 
procedures.  The  goal  of  these  procedures  is  to  produce  improved  weld  shapes  and  thus  reduce 
the  stress  concentration  at  the  weld  toe. 

3.4.1  AWS  Improved  Profile  Welds 

In  the  AWS  Structural  Welding  Code  (1996),  a  reduction  in  the  stress  concentration  factor  in 
multipass  welded  joints  of  the  type  shown  in  Figure  3.11  is  obtained  by  controlling  the  overall 
weld  shape.  In  this  procedure,  a  concave  weld  profile  is  specified  as  shown  in  the  figure  and  a 
smooth  transition  at  the  weld  toe  is  ensured  by  the  use  of  the  “dime  test”.  As  shown  in  the 
figure,  the  profile  radius  "R"  recommended  is  dependent  on  the  plate  thickness  "t".  The  weld 
toe  pass  (butter  pass)  is  laid  down  before  the  capping  passes  and  the  weld  toe  is  inspected  using 
a  “dime”  of  diameter  equal  to  the  attachment  thickness  (to  a  maximum  diameter  of  50  mm  or  2 
in.).  If  the  weld  does  not  pass  the  dime  test,  remedial  grinding  at  the  weld  toe  and  at  inter¬ 
bead  notches  can  be  carried  out.  It  has  been  shown  that  the  fatigue  strength  of  weld  joints  can 
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be  increased  by  weld  profiling,  the  benefit  being  attributed  mainly  to  the  stress  concentration 
being  moved  to  a  lower  stress  region  by  an  increase  in  weld  leg  length,  Vosikovsky  and  Bell 
(1991).  Typical  reductions  in  stress  concentration  factor  are  from  3.3  -  5.1  for  as- welded  joints 
to  1.36  -  1.56  for  AWS  profiled  joints,  Vosikovsky  and  Bell  (1991).  Haagensen  et  al.  (1987), 
Figure  3.12,  give  results  for  transverae  welded  plates  with  improved  welds  tested  in  bending 
which  show  an  increase  in  fatigue  strength  of  25  to  30%.  The  results  emphasize  the  importance 
of  good  workmanship  in  providing  a  long  leg  length  and  a  low  weld  toe  angle. 

The  effect  of  profiling  will  generally  reduce  the  throat  thickness.  In  some  cases  this  may  be 
severe  enough  to  affect  the  static  strength  of  the  joint.  In  this  case  there  is  a  trade-off  between 
static  strength  and  fatigue  strength. 

In  the  API-RP2  guidelines  for  the  design  of  tubular  joints,  the  use  of  non-improved  profiles  are 
discouraged  by  the  use  of  a  lower  S-N  curve.  Figure  3. 13.  If  profile  control  is  carried  out  the 
designer  may  use  the  XI  curve;  if  not,  the  lower  X2  curve  must  be  used.  Tests  on  tubular 
joints  have  shown  the  beneficial  effects  of  profile  control,  but  more  consistent  improvenaents  in 
fatigue  life  are  obtained  if  the  weld  toe  region  is  carefully  grcMind  as  indicated  in  BS  76(K  and 
described  in  section  3.2.1. 


Dime  test  to  be  applied 
to  weld  t(Ms  (a)  and 
weld  face  Irreaulorities 
(inter pas 6  notcnes) 


No  special 
f Inisnlng 


Weld  toe 
ongle  135**  min 

R=t/2  excMt 
that  8<R<2d  mm 

135®  min 


Buttw  pass  ^ 

(to  be  made 
prior  tji^  cap  passes) 


Coin  or  disc 
with  radius  R 


1  mm  wire  shall 
not  pass 


Figure  3.11  The  AWS  Improved  Profile  Weld  and  the  "Dime  Test"  (AWS,  1996) 
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Figure  3.12  Improved  Profile  Weld  Results  for  a  370  MPa  Yield  Strength  Steel 
(Haagensen,  1987) 


Figure  3.13  The  AWS  /  API  Design  Curve  (API-RP2) 


3.4.2  SpecM  Electrodes 


In  Japan,  special  manual  metal  arc  (MMA)  electrodes  have  been  developed  specifically  for  the 
final  weld  toe  pass  to  give  a  smomh  transition  profile  with  the  base  plate,  Ikeda  et  al.  (1977). 
This  is  achieved  because  the  flux  gives  good  wetting  and  flow  characteristics  to  produce  a  large 
weld  toe  radius  which  in  turn  results  in  a  reduction  in  the  stress  cimcentration  factor.  Hie  best 
improvements  in  fatigue  performance  using  these  special  electrodes  have  been  ol^ined  with 
high  strength  steels  with  5(X)  to  800  MPa  (70  to  115  ksi)  strength.  Bignwinet  et  al.  (1984) 
reported  improvement  results  using  these  electrodes  which  are  shown  in  Figure  3.14.  A  related 
technique  is  to  use  special  electrodes  only  for  the  finishing  pass  at  tl^  weld  toe,  Kado  et  al. 
(1975). 

The  improvement  in  weld  toe  parameters  as  a  result  of  the  use  of  special  electrodes  is  shown  in 
Figure  3.15,  Kobayashi  et  al.  (1977)  and  Bignonnet  et  al.  (1987).  The  increase  in  fatigue 
strength  as  a  result  of  the  reduction  in  stress  concentration  factor  in  these  weld  specimens  is 
shown  in  Figure  3. 16. 


e  i2a4sc7t 
WELD  TOE  RADIUS,  mm 


Figure  3.14  Ftdigue  Strength  Improvements  Obtained  by  Improved  Proflk  and  Shot  Peaiing 
(Bignonnet  et  al.,  1984) 
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Figure  3.15  Weld  Geometry  Data  for  Specimens  with  ImproTed  Weld  Profiles  (Kobayashi  et  al., 
1S177  and  Bignonnet  et  al.,  1987) 


Figure  3.16  Plot  of  Fatigue  Strength  Versus  Stress  Concentratimi  for  Specimens  with  Normal 
Welds  and  Welds  Prepared  with  an  Improved  Electrode  (Kobayashi  et  al.,  1977 
and  Bignonnet  et  al.,  1987) 
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3.5  PEENING  METHODS 

As  a  result  of  the  welding  process,  high  tensile  residual  stresses  exist  in  as-welded  joints  in  the 
region  of  the  weld.  Therefore  tte  af^lied  stresses  become  wholly  tensile  in  the  weld  region 
even  if  the  applied  stress  cycles  are  partly  compressive  (see  Figure  2. 10).  Improvement  in  the 
fatigue  strength  of  the  welded  joint  can  be  obtained  if  these  tensile  residual  stresses  are 
removed.  However,  a  greater  benefit  can  be  realized  if  compressive  residual  stresses  are 
introduced  at  the  weld  region. 

Peening  is  a  cold  working  prcKess  which  plastically  deforms  the  surface  by  impacting  it  with  a 
tool  or  small  metal  balls.  ITiis  introduces  large  compressive  stresses  of  the  ortter  of  the  yield 
stress  of  the  material.  For  this  reason  it  is  expected  that  larger  inqirovements  in  fatigue  strength 
are  obtained  for  higher  strength  steels.  This  process  effectively  introduces  an  initiation  period 
into  the  total  life  of  the  component.  The  heavy  material  deformation  caused  by  the  peening  also 
blunts  sharp  inclusions  at  the  weld  toe  and  smooths  tlw  weld  toe  to  base  plate  transition  thus 
reducing  the  weld  toe  stress  concentration  factor  which  is  an  additional  beneficial  effect. 

Several  methods  have  been  develi^  to  introduce  compressive  residual  stresses  which  are 
briefly  described  below. 

3.5.1  Shot  Peening 

Shot  peening  is  a  process  similar  to  sand  blasting  with  the  sand  replacwl  by  small  cast  iron  or 
steel  shot.  The  shot  is  pri^llwi  against  the  surface  by  a  high  velocity  air  stream  and  causes 
yielding  of  the  surface  layer  which  builds  up  compressive  residual  stresses  of  about  70  to  80% 
of  the  yield  stress.  The  effectiveness  of  shot  peening  is  affected  by  many  variables,  the  control 
of  which  are  cumbersonte  and  impractical,  therefore  only  two  parameters  are  used  to  specify 
the  process.  These  parameters  are  the  Almen  intensity  and  the  coverage.  The  intensity  of  the 
peening  which  is  related  to  the  depth  of  plastic  deformation  is  measured  by  Almen  strips  whic^ 
are  attached  to  the  surface  and  exposed  to  the  same  peening  intensity.  The  Almen  strips  develop 
a  curvature  due  to  the  surface  deformation  on  the  expose!  side  and  the  curvature  of  the  strip  of 
a  given  material  and  thickness  defines  the  Almen  intensity.  The  coverage  is  related  to  the  area 
covered  by  the  dimples  produced  by  the  shot  on  surface.  100%  coverage  is  obtaimd  wl^n 
visual  examination  at  a  lOX  magmfication  of  tlw  surface  reveals  that  all  dimples  just  overlap. 

To  produce  200%  coverage  the  time  required  to  produce  1(X)%  coverage  is  doubled. 

The  major  advantage  of  shot  peening  is  that  it  covers  large  areas  at  low  cost,  however,  care 
must  be  taken  to  ensure  that  tte  shot  size  is  small  encaigh  to  reach  the  bottom  of  all  undercuts 
and  weld  inter-pass  notches.  Typical  shot  size  is  in  the  range  of  0.2  to  1.0  mm  (0.008  to  0.04 
in.)  and  the  velocities  of  projection  are  in  the  range  of  40  to  60  m/s  (130  to  2(X)  ft/s). 

Results  (Akained  from  tests  performed  on  shot  peened  welded  joints  show  substantial  improve¬ 
ments  in  the  fatigue  strength  for  all  types  of  joint,  with  the  magnitude  of  the  improvement 
varying  with  the  type  of  joint  and  the  yield  strength  of  the  steel.  Maddox  (1982)  reported  an 
increase  of  33  %  in  the  fatigue  strength  at  2x10®  cycles  of  joints  with  longitudinal  attachments 
and  fabricated  from  260  and  390  MPa  (36  to  56  ksi)  yield  strength  steel  while  the  improvement 
was  70%  for  higher  strength  QT  steels  with  yield  strengths  of  730  and  820  MPa  (105  and  120 
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ksi).  Bignonnet  et  al.  (1984)  report  typical  iii^)rovements  produced  by  shot  peening  as  shown 
in  Figure  3. 14,  however  these  joints  were  also  fabricated  with  in^roved  profiles  using  special 
electrodes. 

3.5.2  Hammer  Peening 

Hammer  peening  is  carried  out  manually  using  a  pneumatic  or  electrical  hammer  operating  at 
approximately  5000  blows  /  min.  Hardened  steel  bits  are  used  which  have  rounded  hemis¬ 
pherical  tips  with  diameters  of  between  6  and  18  mm  (0.25  and  0.75  in.).  The  hammer  peening 
tool  should  be  held  approximately  normal  to  the  weld  face  and  inclined  at  45®  to  the  base  plate 
surface  as  shown  in  Figure  3. 17.  The  tool  should  be  moved  along  the  toe  at  a  rate  of  about  25 
mm/s  (1  in/s).  Knight  (1978)  investigated  the  relationship  between  the  severity  of  the  deforma¬ 
tion  and  the  effectiveness  of  the  hammer  peening  and  found  that  four  passes  along  the  weld  toe 
produces  an  indentation  of  about  0.6  mm  (0.025  in.)  in  mild  steel  and  0.5  mm  (0.020  in.)  in 
high  strengfli  steel  which  represents  optimum  treatment.  He  also  showed  that,  within  reasonable 
limits  it  was  not  possible  to  over-peen,  reporting  that  after  nine  passes  there  were  no 
deleterious  effects  from  the  peening. 


nmnniiiiiiii) 
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Figure  3.17  Tool  Position  During  Hammer  Peening  (Haagensen  and  Maddox,  1995) 


This  type  of  peening  produces  much  higher  improvements  in  fatigue  strength  than  either  shot 
peening  or  needle  peening  due  to  the  large  amount  of  cold  working  produced,  which  results  in 
the  con^ressive  residual  stresses  penetrating  to  a  greater  depth  in  the  plate.  The  hammer 
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peening  treatment  also  reduces  the  stress  concentration  at  the  weld  toe  1^  modifying  the  weld 
toe  angle  and  the  weld  toe  radius.  It  has  been  reported  in  a  number  of  cases,  Gurney  (1968), 
that  the  improvement  produced  by  this  treatment  has  been  so  large  that  the  weld  is  no  longer 
critical  and  the  failure  initiates  in  tt»  base  plate  away  from  the  weld.  Results  produced  from  a 
number  of  test  programs  have  also  shown  that  tte  largest  improven^nts  are  obtaii^  for  higher 
strength  steels.  Figure  3.18,  and  typical  improvements  in  fatigue  strength  are  shown  in  Figure 
3.19. 

Hammer  peening  is  a  noisy  and  tedious  procedure  and  the  q>erator  must  wear  protective 
clothing  and  ear  protection,  ami  these  difficulties  have  inhibited  die  widespread  use  of  this 
technique.  New  cbvelqiments  in  mottem  ei^ipment  have  resulted  in  pneumatic  hammem  which 
are  lighter,  vibration  dampened  and  silenced  which  shcmld  result  in  an  im;rease  in  operator 
comfort.  This  in  turn  should  result  in  improved  control  in  the  peening  qieration  giving 
improved  consistency  and  reliability. 

3.5.3  Needle  Pmiing 

Needle  peening  is  a  similar  technique  to  hammer  peening  except  that  the  solid  tool  is  replaced 
by  a  bundle  of  steel  wires  of  approximately  2  mm  (0.(^  in.)  diameter  with  rounded  ends.  The 
improvement  obtained  from  this  treatment  is  geiierally  slightly  less  than  that  coined  from 
single  point  hammer  peening. 

3.5.4  Ultrasonic  Impact  Peening 

Ultrasonic  impact  peening  is  a  recently  developed  technique  to  apply  compressive  residual 
stresses  to  weldments,  Trufyakov  (1993).  In  this  process  a  4  to  7  mm  (0. 16  to  0.28  in.)  wide 
zone  at  the  weld  toe  is  treated  with  an  ultrasonic  hammer.  The  e^ipn^nt  consists  of  a  magneto 
constriction  transducer,  an  ultrasonic  wave  transmitter  and  a  peening  tool.  The  tool  is  either  a 
single  ball  element  with  a  16  mm  (0.625  in.)  diam^r  or  multiple  needles  which  vibrate  at  27 
kHz.  The  process  is  completed  in  a  single  pass  by  moving  the  tool  along  the  weld  toe  at  a  rate 
of  0.5  m/s  (1.6  ft/s).  The  tool  holiter  isolates  tte  (perator  from  the  vibration  and  ttere  is  little 
audible  noise  during  the  application.  The  mechanism  by  which  the  improvement  occurs  is  tl^ 
same  as  for  hammer  peening.  The  area  along  the  weld  toe  is  defonned  to  a  depth  of  about  0.5 
to  0.7  mm  (0.020  to  0.028  in.)  so  as  to  induce  compressive  residual  stresses  which  introduce  a 
substantial  initiation  period  into  the  fatigue  life.  In  addition  the  abrupt  transition  and  weld 
undercuts  at  the  weld  toe  are  smooth^  out  resuhing  in  a  reductimi  in  the  weld  toe  stress 
concentration  factor. 

Trufyakov  et  al.  (1993),  have  reported  that  inprovements  in  fatigue  strength  produced  Ity  this 
technique  for  butt  aiKi  overlap  joints  are  in  tl^  order  of  50  to  2(X)%,  as  shown  in  Figure  3.20. 
These  authors  also  report  that  this  technique  has  been  used  in  the  shiplmilding  ii^stry  of  the 
Confederation  of  Indqpendent  States  (the  former  USSR).  Other  researchers,  Castellucci  et  al. 
(1991),  have  reported  similar  results  for  transverse  fillet  welded  joints  fabricated  from  high 
strength  steel. 
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Fottgu*  strength  AS,(MPa)  of  improved 
welded  joint  at  2  mill,  cycles 


Ultimate  tensile  strength  .  Rm(^Fa)  Ultimote  tensile  strength  ,  Rm(nPa) 

Figure  3.18  Variation  in  Fatigue  Strength  Improyement  Due  to  Hanuner  Peening  as  a  Function 
as  a  Base  hfeterial  Strength  (Haagensen,  1985) 


Cycles 


Figure  3.19  improvement  in  Fatigue  Strength  Due  to  Hammer  Peening  (Booth,  1977) 


-39- 


Figure  3.20  ImproTement  in  Fitfigue  Strength  Due  to  Ultrasoaic  Impact  Peening 
(Tmfyakidb  et  M.,  1993) 
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3.6  STRESS  RELIEF  METHODS 


3.6.1  Thermal  Stress  Relirf 

Post  weld  heat  treatment  (PWHT)  provides  a  method  of  improving  fatigue  strength  when  the 
applied  stresses  are  partly  compressive.  It  depends  on  the  removal  of  welding  residual  stresses 
from  the  welded  joint  and  to  some  degree  tenors  the  microstructure  possibly  increasing  the 
material  toughness.  A  ^ical  post  weld  heat  treatment  for  an  offshore  quality  steel  (SOD  grade) 
would  be  to  heat  the  joint  to  bOO^C  (1 1(X)**F)  and  soak  at  this  temperature  for  1  hour  per  25  mm 
(1  in.)  of  thickness  and  then  allow  to  cool  slowly  in  still  air.  Unlike  peening  techniques,  PWHT 
does  not  introduce  compressive  residual  stresses  but  relies  on  the  removal  of  tensile  residual 
stresses  so  that  the  applied  compressive  stresses  may  be  eiqierienced  at  the  weld  toe. 

The  degree  of  fatigue  strength  improvement  iq>pears  to  depend  on  the  efficiency  of  the  stress 
relief  treatment  and  the  pr<^rtion  of  the  applied  stress  cycle  which  is  compressive.  It  should 
be  noted  that  after  PWHT  residual  stresses  up  to  30%  of  yield  may  still  be  present.  In  view  of 
this  imcertainty  and  an  insufficient  amount  of  test  data,  design  rules  have  not  been  formulated 
for  stress  relieved  joints  and  therefore  designers  should  assume  that  stress  relief  has  no 
beneficial  effect. 

3.6.2  Yibratmry  Stress  Relief 

Vibratory  stress  relief  is  a  process  whereby  residual  stresses  are  relieved  by  vibrating  the 
component  at  frequencies  often  close  to  the  resonant  frequency,  Gnirss  (1988).  The  success  of 
this  technique  has  not  been  proven  for  welded  structures  and  it  has  been  pointed  out  by  Booth 
(1991)  that  vibratory  stress  relief  techniques  may  use  up  a  considerable  portion  of  the  fatigue 
life  of  the  structure  themselves. 

3.6.3  Spot  Heating 

Fatigue  inq)rovement  by  spot  heating  involves  the  local  heating  of  a  structure,  usually  by  an 
o^acetylene  torch  to  produce  local  yielding.  Residual  stresses  are  thus  formed  by  a  similar 
mechanism  which  produce  residual  stresses  during  the  welding  process.  This  local  area 
becomes  an  area  of  residual  tensile  stress  and  because  the  internal  stress  distribution  must  be 
self-balancing,  compressive  residual  stresses  will  exist  some  distance  from  the  heated  spot.  The 
residual  stresses  produced  by  spot  heating  are  shown  qualitatively  in  Figure  3.21.  The  radial 
stresses  are  wholly  tensile  and  some  distance  from  the  centre  of  the  spot  the  tangential  residual 
stresses  are  conq>ressive.  In  order  that  the  compressive  residual  stresses  can  be  employed  as  a 
fatigue  improvement  technique  the  treated  area  must  be  located  so  that  the  line  connecting  the 
heated  spot  to  the  centre  of  the  notch  (in  this  case  the  weld  toe)  is  at  right  angles  to  the  applied 
stresses.  Thus  the  expected  path  of  fatigue  crack  growth  would  pass  through  the  centre  of  the 
spot.  The  position  for  spot  heating  components  with  longitudinal  welds  is  shown  in  Figure 
3.22. 
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Figure  3.21  Qualitf^ire  Residual  Stress  Di^ritmtion  Caused  by  Spot  Ifeating  (Booth,  1991) 
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(a)  ^1^  Gusset  (b)  Two  ^raam^cal  Gwsets 


Figure  3.22  Suggested  Positioiis  for  Heated  Spot  in  Specniens  with  I^sccmtinuous  Lm^udhial 
Welds  (Booth,  1991) 
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The  definition  of  optimum  parameters  for  the  application  of  spot  heating  requires  experimental 
trials,  however  Booth  (1991)  has  indicated  a  procedure  for  treating  steel  conqionents.  The  size 
of  the  heated  spot  is  about  50  to  60  mm  (2.0  to  2.375  in.)  as  defined  by  the  diameter  of  the 
purple,  280®C  (535®F),  temper  ring.  The  heating  time  for  a  12.7  mm  (0.5  in.)  thick  plate, 
heated  from  both  sides  with  an  oxyacetylene  torch,  is  about  10  seconds,  but  thicker  plates  would 
require  a  longer  time.  The  spot  was  positioned  by  placing  the  torch  so  that  the  weld  toe  was 
about  13  mm  (0.5  in.)  outside  the  purple  temper  colour  ring.  It  was  reported  that  this  procedure 
and  position  of  the  spot  produced  good  results.  Typical  fatigue  strength  improvement  result 
produced  by  spot  heating  are  shown  in  Figure  3.23. 


Figure  3.23  Effect  of  Spot  Heating  on  Fatigue  Strength  of  Plate  with  Edge  Attachment 
(Gordon,  1993) 
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3.6.4  Gimnert*s  Method 


Gunnert’s  method,  as  a  technique  of  fatigue  life  improvement  also  involves  local  heating  but 
eliminates  the  need  for  exact  p(»iti(»ing  of  the  sp^.  In  ^  procedure  the  actual  weM  toe  is 
heated  to  a  temperature  sufficient  to  cause  plastic  deformaticm  ami  the  surface  is  rapidly 
quenched  by  spraying  with  a  of  water.  Thus  the  surface  cools  almost  instantaneously  while 
the  underlying  layers  cool  more  slowly.  As  tl^  underlying  layers  contract  compressive  residual 
stresses  are  i^uced  in  the  previously  cooled  surface  layer.  The  initial  ten^rature  suggrated  by 
Booth  (1991)  is  550°C  (1020®F)  and  lasting  must  be  carried  out  at  a  slower  rate  than  for  ^ 
heating  to  allow  for  a  significant  temperature  gradient  through  the  ui^rlyii^  layers  of 
material.  As  was  the  case  with  ^)Ot  heating  this  technique  can  only  be  carried  out  on 
components  in  which  the  area  to  be  treated  is  localized. 

3.6.5  Expl<»ive  Treatn^t 

Explosive  treatment  is  a  technology  suggested  by  researchers  at  the  E.O.  Paton  Electric 
Welding  Institute,  Ukraine  for  relieving  residual  stress^,  Petrushkov  (1993).  In  diis  case  tl® 
working  tool  is  explosive  charges  of  certain  shapes  and  masses  which  are  placed  cm  the  surface 
of  the  weldment  to  be  treated  as  shown  in  Figure  3.24.  Ibis  n^thod  is  based  on  the  premise 
that  e'gtftrnal  loading  of  this  nature  will  produce  a  stress  state  in  the  weld  metal  that  is  oj^x^ite 
to  that  produced  the  welding  process.  It  is  claimed  that  explMive  treatn^nt  is  between  5  and 
50  times  more  productive  and  cheaper  than  heat  treatmrat,  it  does  not  require  specialized 
e<]piipment  nor  highiy  skilled  personnel  and  gives  high  i^roducibility  of  imilts.  In  the  case  of 
welds  subjected  to  fatigue  loading,  this  treatment  relieves  the  t^ite  reskhial  stresses  in  the  area 
of  the  weld  and  r^laces  titem  with  stresses  of  the  opposite  sign  in  tt»  surface  layers  thus 
effectively  introducing  a  crack  initiaticm  period  into  tl^  life  of  the  compoi^t.  The  improvement 
in  fatigue  life  of  specim^  with  transverse  stiffeners  fabricated  from  low-caibon  steel  tested 
with  stress  ratios  of  R  =  0  and  -1  are  shown  in  Figure  3.25. 


Figure  3.24  Explosive  Treatment  of  a  Butt  Welded  Plate  Joint  Using  a  Strip-Shaped  Charge 
(Petushkov,  1S>93) 


(a)  Steel  I0T2C1,  R  »  -1 


Figure  3.25  Improvements  in  Fatigue  Strength  of  Welded  Joints  v»^ith  Transverse  Stiffeners 
Using  the  Explosive  Treatment  (Petushkov,  1993) 


3.7  OVERLOADING  TREATMENTS 


3.7.1  Prior  StMic  Orerloading 

Tliis  treatment  relies  cm  the  introductimi  of  compressive  residual  stresses  at  the  weld  toe  as  a 
result  of  local  yielding.  The  positive  effect  of  prior  overloading  has  been  observed  in  joints  with 
both  mild  and  severe  stress  concentrations.  The  efficiency  of  this  method  as  a  way  of  improving 
fatigue  strength  of  welded  joints  d^)eiMls  on  the  value  of  the  overloading  stress,  joim  type  ami 
the  value  of  the  ai^lmd  stress  ratio.  Experin^ntal  results  indicate  that  the  greatest  increase  in 
fatigue  strength  can  be  achieved  ai^lying  the  highest  possible  overload  stress,  thus  greater 
benefits  can  be  obtained  1^  treating  higher  strength  steel  structures  ratiier  than  mild  steel. 
Results  reported  Trufyakov  et  al.  (1993)  show  that  the  fatigue  limit  of  a  load-carrying 
member  with  an  attached  transverse  stiffener  is  increased  by  10%,  35%  mul  65%  ui^r  allied 
tension  loading  of  R  =  0  as  a  resuh  of  overloading  to  levels  of  0.5,  0.7  and  0.9  tin^  tl^  yield 
stress  respectively.  It  should  also  be  noted  that  regular  periodic  tensile  overloading  of  t^ 
structure  throughmit  its  life  may  also  be  beneficial  Init  the  fatigue  damage  caused  by  tl^se 
overload  cycles  must  also  be  considered  in  tte  life  calculation. 

3.7.2  Local  Comi^re^ion 

In  this  technique  a  small  part  of  tiie  structure  is  forced  to  yield  locally  1^  compression  b^ween 
circular  dies.  After  the  load  is  removed  the  plastic  deformation  of  the  material  will  cause 
residual  compressive  stresses  to  be  induced  arouml  the  indentation  as  shown  in  Figure  3.26. 


Figure  3.26  Theoretic^  Residual  Stress  Distribution  Cuised  by  Locid  Cmnpression 
(Booth,  1991) 
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This  procedure  is  well  suited  to  details  where  the  fatigue  crack  initiation  site  is  known  such  as  at 
spot  welds  or  at  the  ends  of  longitudinal  stiffeners  as  shown  in  Figure  3.27.  It  is  not  suitable 
for  geometries  such  as  transverse  welded  joints.  A  typical  die  diameter  is  45  mm  (1.75  in.) 
and  a  typical  indentation  is  0.18  mm  (0.007  in.)  deep.  Booth  (1991 ).  Trufyakov  et  al.  (1993) 
have  reported  that  the  fatigue  limit  of  joints  with  longitudinal  fillet  welds  can  be  increased  by  70 
to  100%  when  treated  by  this  procedure.  The  main  disadvantage  of  this  local  compression 
method  is  the  high  loads  that  must  be  applied  at  the  dies  and  the  need  for  access  to  both  sides 
of  the  plate. 


Figure  3.27  Recommended  Position  of  Pressed  Spot  When  Treating  the  End  of  a  Longitudinal 
Gusset  (Booth,  1991) 


3.8  COMPARISON  OF  RELATIVE  IMPROVEMENT  PERFORMANCE  OF  TECHNIQUES 


In  this  section  of  the  r^rt  the  relative  improvement  in  fatigue  strength  achieved  each 
technique  will  be  assessed  as  compared  with  as-welded  (AW)  joints.  The  improvemeitt  will  be 
illustrated  by  S-N  data  from  ^  literature  where  this  is  availabte.  In  most  cas^  tl^  increase  in 
fatigue  strength  at  2  x  10^  cycles  will  be  assessed  for  direct  conq>arisoa  purposes^ 

3.8.1  Grindiiig  Techniques 

Grinding  techniques  are  used  as  a  n^thod  of  inq>roving  tte  fatigue  performaiK;e  of  welded 
components  and  structures  in  the  offshore,  shipbuilding  and  steel  c(»structi(m  industries.  As 
stated  previously  the  benefit  is  derived  from  reducing  die  stress  concentration  by  producing  a 
favourable  weld  shape  and  removing  harmful  defects  and  undercuts  at  the  weld  toe.  Knight 
(1978)  gives  results  for  Inirr  and  heavy  disc  grinding  as  shown  in  Fipre  3.28.  Results  for  a 
mild  steel  and  a  high  strength  steel  are  shown  in  the  figure^.  The  fatigue  strength  improven^ 
for  the  higher  strength  steel  is  more  dramatic.  At  the  (relatively)  high  cycle  eirf  (about  5x10® 
cycles)  an  improvement  in  fatigue  strength  for  the  toe  grinding  is  alnu^  100%  over  the  as- 
welded  condition;  in  the  case  of  heavy  disc  grinding  tl»  improvement  is  a  more  modest  40%. 
The  corresponding  improvement  for  tte  mild  steel  is  about  17%  for  b<^  treatments. 

Mohr  et  al.  (1995)  has  completed  a  statisdcal  analysis  oa  some  improvemmit  teclmiques  as 
applied  to  welded  specimens  with  transverse  attachment  plates,  and  found  that  the  improvement 
on  fatigue  life  produced  1^  grinding  was  a  factor  of  approximately  2.2  which  is  in  agreement 
with  that  given  in  BS  760S  (1993).  The  data  for  Uiis  analysis  was  obtained  from  offshore  st^l 
research  programs  in  USA,  Canada,  United  Kingdom,  Europe  and  Norway. 


^  The  increase  in  fatigue  life  (for  long  lives,  N  >  10^  cycles)  can  be  found  approximately  from  the 
increase  in  fatigue  str^^di  if  it  is  assumed  diat  die  slcpe  of  die  S-N  curve  does  not  t^ai^  (ie. 
m=3).  In  such  cases  die  following  fmmula  may  be  used: 

(Fatigue  Life  Ratio)  «=  (Fatigue  Street  Ratio)® 

For  example,  an  improvement  of  30%  in  fatigue  strengdi  will  corre^icmd  to  approximately  an 
improvement  of  (1.30)®  =  2.20  ^  120%  improvement  in  fiitigue  life.  Actual  test  data  indicates 
diat  die  sl<pes  of  the  S-N  curves  for  inproved  jmnts  tenl  to  increase.  H^ice  die  above 
relationship  will  be  cmiservative  for  long  lives,  but  may  be  uncmmvative  for  sbwt  lives  (N  <  10® 
cycles). 

^  It  is  assumed  duit  certain  of  the  curves  in  die  figure  have  been  nuslabelled.  It  appears  duit 

"Heavy  disc  ground"  and  "Toe  burr  ground"  for  the  ntild  steel  (solid  luKs)  have  been  trampc^ed 
in  error. 
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Endurancs,  cyel«* 


Figure  3.28  Fatigue  Strength  Improvements  Due  to  Toe  Burr  and  Disc  Grinding  (Knight,  1978) 

An  example  from  the  literature  on  the  effect  of  free  corrosion  in  seawater  on  the  fatigue 
strength  of  toe  ground  welds  is  shown  in  Figure  3.29,  Booth,  (1978).  On  the  basis  of  these 
results  the  influence  of  corrosion  is  complex.  For  the  as-welded  specimens  the  influence  on 
fatigue  strength  of  corrosion  is  ambiguous.  The  high  degree  of  scatter  in  the  in-air  results 
ma^  distinguishing  this  set  of  results  quite  difficult  In  contrast,  there  is  a  significant  reduction 
in  fatigue  strength  of  toe  ground  specimens  immersed  in  seawater  compared  with  the 
corresponding  results  in  air;  the  fatigue  strength  of  specimens  immersed  in  seawater  is  reduced 
by  20  to  30%. 

3.8.2  Ranelting  Methods 

Remelting  of  the  weld  toe  region  using  a  TIG  or  plasma  torch  generally  gives  significant  fatigue 
strength  improvements  due  to  the  production  of  a  smooth  transition  between  the  plate  and  the 
weld  metal.  T^ical  results  from  tests  on  TIG  dressed  specimens  are  shown  in  Figure  3.8.  The 
increase  in  fatigue  strength  in  air  at  2  x  10^  cycles  as  compared  with  as-welded  joints  is 
approximately  1(X)%.  It  does  not  appear  that  the  improvement  increases  with  increasing 
material  tensile  strength  as  shown  in  Figure  3.9.  The  reduced  improvement  as  a  result  of 
seawater  corrosive  environment  is  shown  in  Figure  3.30.  Mohr  et  al.  (1995),  from  a  statistical 
analysis  of  many  tests,  has  obtained  a  factor  of  2.2  for  improvement  in  fatigue  life  for  weld  toes 
treated  by  TIG  dressing. 

Improvements  obtained  by  TIG  and  plasma  dressing  compared  with  toe  grinding  and  as-welded 
joints  fabricated  from  high  strength  steels  are  shown  in  Figure  3.31. 
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Figure  3.29  The  ETTect  rfFree  Ccwtoskmi  in  Seawater  wa  the  Fitfigue  Strength  of  As-Wel^d 
and  Ground  Specimens  (Bofrth,  1978) 


Numbor  of  cyclos  to  folluro,  N 


Figure  3.30  Influence  of  Seawater  Cwrosion  on  the  Fatigue  Strragth  oi  As^WOded  and 
TIG-Dressed  SpecumeiK  (Haagensen,  IS^l) 
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Figure  3.31  Effect  of  Some  Improvement  Methods  Applied  to  High-Strength  Steels 
(Shimada  et  al.,  1977) 


3.8.3  Profile  Control 

AWS  improved  profile  welds  are  made  according  to  the  specifications  of  AWS  Dl.l  (199^, 
and  meet  the  inspection  requirements  of  the  "dime”  test,  Figure  3.11.  The  benefits  are  obtained 
by  a  reduction  in  the  stress  concentration  at  the  weld  toe  and  an  increased  weld  leg  length. 
Results  of  joints  with  improved  profiles  are  shown  in  Figures  3.12  and  3.13.  The  results  show 
a  significant  improvement  in  fatigue  strength  particularly  in  the  long  life  regime.  Haagensen 
(1992)  claims  that  there  is  a  factor  of  2  to  2.5  on  life  in  this  long  life  regime,  but  Mohr  et  al. 
(1995)  in  their  analysis  of  the  published  data  concluded  that  the  improvement  factor  is  less  than 
Ae  improvement  allowed  in  current  API  RP2A  guidelines  for  profile  control.  In  the  API  RP2A 
guidelines  the  allowance  for  weld  profile  control  is  represented  by  the  API  X2  curve  as  com¬ 
pared  with  the  higher  API  XI  curve  which  must  be  used  for  welds  without  profile  control. 
Figure  3.13. 

Profile  control  by  the  use  of  special  electrodes  was  first  developed  in  Japan  as  a  way  of  improv¬ 
ing  the  fatigue  strength  of  steels  with  yield  strengths  ranging  from  400  to  800  MPa  (58  to  116 
ksi).  In  this  case  fatigue  strength  improvements  of  50  to  85%  were  obtained.  Bignonnet  et  al. 
(1987)  present  results  for  plate  joints  using  these  electrodes  as  shown  in  Figure  3. 16.  The  use 
of  these  electrodes  for  the  finishing  pass  at  the  weld  toe  only  have  resulted  in  fatigue  strength 
improvements  of  60  to  80%  as  reported  by  Kado  et  al.  (1975). 
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3.8.4  Peening  Methods 


Peening,  wt^ther  hEnuner,  shot  or  ultrEsooic  intact  is  a  cokl  working  techni(|pje  which 
replaces' the  tensile  residual  stresses  produced  by  the  welding  process  at  t^  weld  regiwi 
favourable  compressive  residual  stresses.  These  compressive  residual  stresses  effectively 
introduce  a  substantial  initiation  period  in  the  fatigue  life  of  the  welded  compoi»nts. 

Results  showing  fatigue  strength  improvements  for  hammer  peened  joints  are  given  in  Figure 
3. 18  by  Haagensen  (1985),  and  in  Figure  3. 19  by  Boodi  (1977).  Results  for  shot  peened  welds 
but  with  improved  profile  are  given  in  Figure  3. 14  by  Bigncmn^  et  al.  (1984).  Results  for 
ultrasonic  impact  peening  are  given  in  Figure  3.20  by  Trufyakov  et  al.(1993).  The  in5)rove- 
ment  in  fatigue  strength  obtained  by  peening  treatments  are  ammig  die  highest  rq>orted  and  are 
typically  of  the  order  of  50  to  200%  for  hamn^r  peenii^,  30%  for  shot  pining  and  50  to  200% 
for  ultrasonic  impact  peening.  Figure  3.18  illustrates  some  of  the  dramatic  improvements  in 
fatigue  strength  that  can  result  from  peening.  In  some  cases  the  in^rovement  is  so  large  that 
the  weld  is  no  longer  critical  and  failure  initiates  in  tte  base  plate  away  from  the  weW,  or  in 
other  cases  for  fillet  welds  the  point  of  eventual  failure  moves  from  the  weld  toe  to  tte  weld 
root.  The  resulting  failure  is  across  the  weld  throat  for  which  a  possible  remedy  is  to  increase 
tlte  size  of  weld. 

3.8.5  Stress  Relief  Technique 

Post  weld  heat  treatment  (PWHT)  is  a  process  which  primarily  attenqpts  to  remove  tensile 
residual  stresses  from  the  weld  region  imd  seccmdly  may  temper  the  mKWMtnicture,  possibly 
improving  the  material  toughness.  Tte  effectiveness  of  PWHT  as  a  fitigue  inqirovement 
method  depends  <m  the  pre^ortiem  of  the  appliwi  stress  cycle  that  is  compressive.  Unfortunately 
in  many  cases  tensile  residual  stresses  of  up  to  30%  of  yield  may  remain  after  PWHT. 
Therefore,  in  view  of  this  uncertainty,  no  beneficial  effect  can  be  clain^  with  regards  to 
fatigue  strength  improvement. 

The  improven^nts  in  fatigue  strength  resulting  from  a  spot  tearing  tteatment  (m  a  plate  with  a 
welded  edge  are  shown  in  Figure  3.23.  The  improvement  in  fatigue  str^gth  at  2  x 

10®  cycles  is  of  the  order  of  100%.  However,  difficulty  in  positioning  the  spot,  the  specialize 
equipment  require  ate  the  limitations  on  the  Joint  type  ate  accessibility  make  this  treatment  of 
limite  applicability  in  ship  structures. 

Results  for  the  fatigue  strength  improvement  of  weWe  joints  with  transveree  stiffeners,  treate 
with  the  explosive  methe  mkI  compare  with  as-weWe  joints,  ate  shown  in  Figure  3.25.  Tte 
improvement  in  fatigue  strength  obtaine  for  tte  two  steels  shown  are  of  tte  order  of  50%, 
however,  the  nature  of  this  treatment  makes  it  in^racticable  for  ship  structures. 

3.8.6  Overloi^g  Treatm^ts 

Tte  improvement  in  fatigue  strength  of  transverse  fillet-welde  jourts  is  shown  in  Figure  3.32. 
It  can  be  seen  that  tte  beneficial  result  of  overloading  treatment  is  relatively  small  in  con^ri- 
son  to  other  techniques.  Tte  overloading  treatment  can  generally  be  considered  as  a  "last 
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chance"  technique.  The  large  loads  required  for  full  size  ship  structure  assemblies  and  possi¬ 
bility  of  inflicting  damage  elsewhere  in  the  structure  make  this  procedure  inq>racticable  for  ship 
structures. 


Figure  3.32  Effect  of  Improvenient  Techniques  Applied  to  Mild  Steel  Transverse 
Non-Load-Carrying  Fillet  Welded  Joints  (Booth,  1991) 


Similarly  the  local  compression  technique,  while  it  apparently  gives  good  results  for  high 
strength  steels,  can  only  be  considered  as  perhaps  a  repair  treatment.  The  large  loads  necessary 
and  the  accessibility  requirements  (i.e.,  both  sides  of  a  plate  welded  joint)  make  this  treatment 
of  limited  application  in  ship  structures. 

3.8.7  Combination  of  Improvement  Methods 

It  has  been  shown  that  compounding  of  improvement  techniques  can  give  very  large  improve¬ 
ments  in  fatigue  strength.  In  general,  these  should  only  consider  the  combination  of  a  weld 
geometry  improvement  method  with  a  residual  stress  method  (e.g.,  toe  grinding  and  hammer 
peening,  but  not  toe  grinding  and  TIG  dressing).  This  approach  is  expensive  but  can  be  used  in 
situations  where  costs  are  of  secondary  importance  such  as  repair  of  a  damaged  structure  or  in 
cases  where  extensive  redesign  of  the  structure  to  meet  fatigue  requirements  is  to  be  avoided. 

Gurney  (1968),  Figure  3.34,  combined  full  profile  grinding  and  hammer  peening  to  produce 
results  which  restored  the  fatigue  strength  of  the  mild  steel  fillet  welded  joints  to  the  level  of  the 
base  material. 
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Bignonnet  et  al.  (1984),  Figure  3.13,  presented  results  for  joints  with  improved  weld  profile 
produced  by  special  electrodes  and  treated  with  shot  peening.  Haagensen  (1993),  Figure  3.35, 
combined  weld  toe  grinding  with  hammer  peening  and  obtained  an  increase  in  fatigue  strength 
at  2  X  10®  cycles  of  216%.  In  this  test  program  specimens  with  simulated  cracks  were  also 
repaired  and  the  r^ired  joints  treated  with  t(»  grinding  and  peening.  The  results  of  these 
repaired  joints  demonstrated  that  the  fatigue  performance  of  the  r^ired  joints  exceeded  that  of 
toe  ground  joints. 

3.8.8  Summary  oi  Relative  Fidigue  Strength  lni{M^veinents 

Most  of  the  techniques  discussed  above  are  compared  for  mild  steel  joints  (yield  stress  245  MPa 
or  36  ksi),  in  Figure  3.32  and  Figure  3.33.  The  results  shown  in  Figure  3.32  are  for  a  trans¬ 
verse  non-load-carrying  joint  and  Figure  3.33  presents  results  for  joints  with  a  fillet  welded 
longitudinal  gusset.  Together  ttese  figures  present  graphically  the  relative  improvement  which 
can  be  obtained  in  fatigue  strength  the  application  of  the  techniques  described  in  the  previous 
sections.  In  geiwral  it  can  be  seen  that  at  high  stress  levels  little  improvement  in  life  is 
observed,  however  at  lower  stress  levels  the  improvement  can  be  signiiHcant. 
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Figure  3.33  Effect  of  Improvement  Techniques  Applied  to  MUd  Sted  FUld  Welded  Longitudinal 
Non-Load-Cfrrying  Jdnts  (Booth,  1991) 
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Huther  et  al.  (1994),  perfonned  a  very  comprehensive  statistical  analysis  of  over  300  sets  of 
compiled  from  various  investigators  for  weld  toe  grinding,  TIG  dressing,  hammer  peening 
and  shot  peening  treatments.  The  data  considered  butt  joints,  T  joints,  cruciform  and  longi¬ 
tudinal  non-load  carrying  joints  less  than  25  mm  (1  in.)  thick  in  non-corrosive  (air)  environ¬ 
ment.  The  data  was  sorted  according  to  type  of  treatment,  yield  strength,  type  of  joint,  and 
stress  ratio.  Some  of  the  conclusions  of  the  analysis  are  as  follows: 

•  With  the  exception  of  weld  grinding  of  T-joints,  all  curves  are  above  the  as-welded  joint 
curves  defined  by  Eurocode  3,  1984. 

•  In  the  case  of  grinding,  with  a  lack  of  optimization,  the  results  can  be  lower  than  the  as- 
welded  curve  for  T-joints. 

•  Hammer  peening  gives  the  greatest  benefit  for  cruciform  and  longitudinal  joints. 

•  All  techniques  give  approximately  similar  improvement  levels  for  butt  joints. 

•  The  S-N  curves  of  improved  joints  in  high  tensile  steel  (YS  >  400  MPa)  are  above  or  equal 
to  those  of  improved  joints  in  mild  steel. 

•  All  slopes  (A  life/ A  stress)  are  greater  than  3  which  is  the  slope  for  as-welded  steel. 


Figure  3.34  Fatigue  Strength  ImproTenient  Obtained  by  Compounding  Grinding  and  Hammer 
Peening  (Gurney,  1968) 
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Figure  3.35  Cwnparisra  of  S-N  Curves  for  As-Wdded,  Toe  Ground,  and  Ground  luid 

Hsunmer  Peened  SpecimeiK  (H^^nsen,  1993) 


3.9  RELATIVE  COSTS 


The  application  of  most  fatigue  life  improvement  techniques  are  time  consuming  and  therefore 
are  quite  expensive.  A  summary  of  the  relative  costs  of  each  technique  as  obtained  from  the 
literature  is  given  in  Table  3.1.  Large  uncertainties  are  associated  with  the  figures  in  this  table 
because  it  is  not  clear  if  the  application  speed  or  relative  costs  include  the  labour  costs  of  per¬ 
forming  the  operation  or  if  the  figures  also  include  the  costs  of  additional  equipment  necessary 
or  the  rimft  and  cost  associated  with  inspection  and  quality  control  to  ensure  that  the  treatment 
has  been  correctly  performed.  Thus  the  data  presented  in  Table  3. 1  should  be  used  more  for 
relative  conq)arison  purposes  rather  than  absolute  costs.  Section  4  of  this  report  presents  more 
realistic  costs  for  burr  grinding,  TIG  dressing  and  hammer  peening  fatigue  improvement 
treatments  which  are  most  applicable  to  the  shipbuilding  industry. 


Table  3.1  Summary  of  Rdative  Costs  of  Improvement  Techniques 


Weld  life  Improvement  Techniqiie 

Typical  Apidkation  Speed 

Relative 

(in /min) 

(nun /min) 

Costs  ^ 

1.  Weld  Modification  Techniques 

1.1  Burr  Grinding 

2-4 

50-100 

6-18 

1.2  Disc  Grinding 

0.5  - 1.5 

10-40 

2-4 

1.3  Water  Jet  Coding 

12-30 

300  -  750 

- 

2.  Weld  Toe  Ronelting  Techniques 

2.1  HG  Dressing 

3-6 

75  -  150 

3 

2.2  Plasma  Dressing 

faster  than  TIG 

- 

3.  Special  Welding  Techniques 

3.1  AWS  hiqnoved  Profile 

- 

- 

- 

3.2  Special  Electrodes 

- 

- 

(cost  of  electrodes) 

4.  Peening  Methods 

4.1  ShotPeCTung 

- 

- 

1.5 

4.2  Hammer  Peeling 

10-20 

250  -  500 

1 

4.3  Needle  Peeling 

- 

- 

0.5 

4.4  Ultrasonic  liiq)act 

20 

500 

- 

S.  Stress  Relief  Methods 

5.1  Thermal  Stress  Relief  (PWHT) 

- 

- 

- 

5.2  Vibratory  Stress  Relief 

- 

- 

- 

5.3  Spot  Heating 

- 

- 

2 

5.4  Qunnert’s  Method 

- 

. 

- 

5.5  E?q>losive  Treatm^ 

- 

- 

- 

6.  Overloading  Treatm^its 

6.1  Prior  Static  Overload 

- 

- 

- 

6.2  Local  Conopression 

- 

- 

- 

Note:  indicates  data  not  available. 

^  Costs  are  relative  to  hammer  peening  treatment. 
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.10  SUMMARY  OF  ADVANTAGES  AND  DISADVANTAGES 


A  summary  of  the  advantages  and  disadvantages  of  the  fatigue  in:^)rovenwnt  techniques  is  given 
in  Table  3.2.  Burr  and  disc  grinding  are  the  most  widely  used  improvement  techniques  and  are 
currently  the  only  improvement  methods  allowed  for  in  the  European  codes  for  the  desi^  of 
offshore  structures.  Health  and  Safety  Executive  UK  (1992)  and  DNV  (1984).  The  equipment 
is  readily  available  in  ship  fabrication  facilities  and  Has  operator  skill  level  requirements  are  not 
excessive,  however  the  process  is  expensive.  Water  jet  eroding  is  very  fast  compared  witii 
other  techniques,  however  it  is  difficult  to  control  the  rate  of  erosion  which  may  result  in 
detrimental  damage  to  the  weld. 


Table  3.2  Summary  (rf  AdvmiU^es  and  Disadvantages  of  Improvonaat  Techniques 


Weld  Life  Improyement  Technique 

Adrautag^ 

Disadvaati^es 

1.  Weld  Modification  Techoicpies 

R^atively  simple  to  perform. 

Large  in^ov^n^.  Single 
inspection  criteria  (depth  0.020  in  / 
0.5  mm  below  plate  surface  or 
undercut). 

Applicable  mainly  to  planar  joints 
that  can  be  expected  to  fail  at  weld 
toe.  May  lose  bendit  if  not 
potected  from  corrosion.  All 
grmding  techniques  give  a  poor 
working  envircmmart  regarding 
noise  ^id  (hist.  Access  to  w^d 
may  be  a  hmitiri^  factor. 

hi  Burr  Gruading 

Most  effective  of  all  grinding 
m^ods  with  large  and  repeatable 
improvement.  Eqiupm^  readily 
available.  Easier  accessabili^  than 
disc  grinding.  Best  for  fillet 
weMs. 

V^  slow.  E3q)ensive  da&  to  high 
M>our  costs  and  hi^  tool  wear 
rate  -  many  consumables.  Difficult 
to  maintain  (quality.  Surface  scaling 
may  reduce  bmefit. 

1.2  Disc  Grinding 

Very  fast  com^paied  to  burr 
grinding.  Can  cov^  large  areas. 
Equipment  readily  avrilable. 

Score  marics  give  lower 
impov^n^^  ffianburr  grmding. 
hipoper  use  may  introduce 
serious  d^ects  -  risk  of  over 
grinding.  Restricted  applicabilhy 
due  to  tool  ske. 

1 . 3  Water  Jet  Eroding 

Very  fast  coixq)ared  to  other  fatigue 
improv^Tient  techniques.  Good 
pot^otial  for  automation. 

Equipn^it  not  readily  avaih^le  m 
most  shipyards.  Difficuk  to 
ccmtiol  rate  of  ^xisicm  -  severe  risk 
of  over  abraskm.  Cleanup  of 
water  and  abrasive  partkles  may 
Iknit  fq^lication. 

Table  3.2  Summary  of  Advantages  and  Disadvantages  of  Improvement  Techniques  (Cont) 


Weld  Life  Improvemeiit  Technique 

Advantages 

Disadvantages 

2.  Weld  Toe  R^telting  Techniques 

Large  improvemealis  are  possible. 
Equi{mi^  readily  available  in 
most  shipyards.  Suitable  for 
automation  and  /  or  to  incorporate 
as  part  of  welding  procedure. 

Operator  needs  special  training. 

2.1  HG  Dressing 

Large  inqnov^ents  achieved. 

Small  {diysical  effort  required. 
Liexp^ive. 

Carefiil  cleaning  of  weld  and  plate 
necessary.  Risk  of  local  HAZ 
haid^ung  (cracking)  in  C-Mn 
steels  due  to  low  heat  input  -  may 
require  second  TIG  tun. 

2.2  Plasma  Dressing 

Easy  to  perform  due  to  large  weld 
pool.  Similar  or  larger 
inqirovement  than  TIG  dressing 
with  smaller  risk  of  HAZ 
hard^iing. 

Carefiil  cleaning  of  weld  and  plate 
necessary. 

3.  Special  Welding  Techniques 

Improvement  is  introduced  in  the 
welding  process  itself. 

Defects  at  weld  toe  not  removed. 

3.1  AWS  Improved  Profile 

Well  defined  inspection  criteria 
("dime  test").  Suitable  for  large 
multi-pass  welds. 

Veiy  large  scatter  in  test  results 
due  to  variations  in  micro- 
geometry  at  weld  toe.  Consists 
in^irovement  only  possible  if 
combined  with  other  improvement 
techniques  (eg.  grinding  or 
peening).  Not  suitable  for  small 
welds. 

3.2  Special  Electrodes 

Easy  to  perform.  Suitable  for 
small  joints.  Inexpensive. 

Doubtful  b^iefit  -  only  small 
improvement  at  best.  Electrodes 
not  widely  available. 

4.  Peening  Methods 

Large  inqwovements  possible. 
Greatest  benefits  obtained  with 
high  strength  steels. 

Not  suitable  for  low  cycle  (high 
stress)  fatigue  applications. 

Beneficial  effects  may  dis^^ear 
under  variable  anqilitude  loading 
involving  peak  con^sressive  loads. 

4.1  Shot  Peening 

Well  developed  procedures  for 
small  parts.  Covers  large  areas. 
Simple  methods  for  quality  control 
(Almm  strip).  Inqmjves  resistance 
to  stress  corrosion  cracking. 

Special  equipment  required. 

Messy  -  cleanup  of  shot.  Practical 
application  to  large  scale  structures 
not  d^nonstrated.  Best  suited  for 
mild  notches  and  very  localized 
areas  with  good  access.  Corrosion 
may  quickly  r^nove  b^ieficial 
effects  since  only  a  very  thin 
surface  layer  of  plate  is  deformed. 
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T^Ue  3.2  Summstt^  of  Advantages  fmd  Disadvant^^  of  Improvanent  Techniques  (Cont) 


Weld  Life  Improyemeitt  Techniq^ 

Adv^n^K 

Disadva^^es 

4.2  Hammer  Peking 

Good  repeatable  b^iefits.  Very 
large  miprovem^its  possible  for 
poor  qpjality  welds.  Sin^de 
inspecticm  crit^ioii  (depth  of 
groove  >0.024  m  or  0.6  mm). 
Equipneot  readily  available. 

Nc^y  and  tedkais  -  may  restrict 
use  to  "off  hoin^”  m  shipyard. 
Lhxdted  to  toe  treatn^  only. 
Excessive  peeling  may  cause 
crackk^.  Some  restrictions  due  to 
tool  size. 

4.3  Needle  Peenmg 

Similar  to  haiiux^  peeling,  but 
improvement  less  established. 

Similar  to  hammer  peeling. 

4.4  Ultrasonic  ]iE^>act 

Similar  to  hamm^  pe^m^, 
without  iK>ise  and  c^>erator  fatigue 
probl^ns. 

Special  equipm^  required. 

S.  Stress  Rdkf  Methods 

Not  suitable  for  low  cycle  (high 
stress)  fatigue  iqiplicatkms. 
B^eEcial  effects  may  dis^^eiur 
und^  variable  an^litude  loading 
involving  peak  conqnessive  loads. 

5.1  Th^mal  Stress  Rdief 
(PWHT) 

Well  characterized. 

Doubtful  b^iefit.  Lknited 
applkabilky  to  large  - 

i^eds  very  stow  cool.  Specialized 
eqinpment  required.  Used  more 
for  "dimemtonal  stitoility"  than  for 
fatigue  ii^^rov^n^. 

5.2  Vibratory  Stress  R^ef 

Doubthil  bmefit.  Limited 
apdtoabihty  to  large  coixq>on6nt. 
Specialized  equipnent  required. 

5.3  Spot  Heating 

Good  repair  tedmique.  Equipm^ 
readily  available.  Best  for  large 
plates. 

C^y  for  v^y  localized  areas. 

Must  know  cradc  site.  Not 
effective  for  transverse  welds. 

Very  thick  plates  may  require 
excessive  energy. 

5.4  Gmmert*s  M^hod 

Not  x^cessary  to  Ismm  crack 
inkiadon  point.  Strict  ter[q)erature 
ccmtrol  not  necessary. 

Specialized  eq^pm^  retpured. 
High  t^nperatures  (1020  ^  / 

550  ^C).  Cooling  must  be 
kx^dized  -  nuay  iK>t  be  suitable  fm^ 
large  (or  very  small)  jokds. 
Excessive  1^  may  cause 
maitoiskic  transformatton  upmi 
coolmg. 

5.5  Explosive  Treatment 

Fast^  and  ch&iq>er  than  heat 
treatn^nt  techniques.  Does  not 
require  specialized  equipn^nt  nor 
highty  ddlled  p^on^. 

Dai^^xius.  Quality  control 
difftoidt.  Doubtful  iqyplication  in 
sh^ard. 
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Table  3.2  Summary  of  Advantages  and  Disadvantages  of  Improvement  Techniques  (Cont) 


Weld  lafe  Improvement  Technique 

Advantages 

Disadvantages 

6.  Overloading  Treatments 

6.1  Prior  Static  Overload 

Good  beneiits  for  high  strength 
steels.  Applicable  to  cracked 
structures. 

"Last  chance"  technique.  Special 
equipment  needed.  Enormous 
loads  required  for  full  size  ship 
structure  assemblies.  Apphcation 
limited  to  small  components. 

6.2  Local  Concession 

Good  benefits  for  high  strength 
steels. 

Specialized  equipment  needed. 
Access  to  both  sides  of  plate 
needed.  Only  suitable  for  very 
localized  areas. 

Weld  toe  remelting  techniques  give  substantial  improvements,  are  relatively  inexpensive  and  are 
suitable  for  automation.  The  equipment  necessary  to  carry  out  these  treatments  are  available  in 
most  shipyards,  however  the  operator  needs  special  training  and  qualification  procedures  may 
be  necessary  to  ensure  that  the  procedure  is  carried  out  correctly  to  obtain  maximum  benefit. 

Peening  techniques  give  the  highest  fatigue  strength  improvement  benefit  and  the  equipment 
necessary  for  application  of  hammer,  needle  and  shot  peening  are  readily  available  in  most 
shipyards,  however  the  noise  and  operator  fatigue  are  major  impediments  to  the  widespread  use 
of  these  techniques.  Current  developments  in  the  design  of  new  quiet  and  vibration  isolated 
hammers  may  remedy  this  lack  of  widespread  use.  Ultrasonic  impact  peening  appears  to 
overcome  some  of  the  disadvantages  of  the  other  peening  techniques,  however  special 
equipment  is  required. 

In  the  main,  stress  relief  methods  are  not  suitable  as  fatigue  life  improvement  treatments  in  the 
shipbuilding  industry.  PWHT  is  of  limited  use  as  an  improvement  technique  and  its  benefit  is 
very  dependent  on  the  applied  stress  level.  Vibratory  stress  relief,  Gunnert's  method  and 
explosive  treatments  are  not  applicable  in  a  shipyard  environment.  Spot  heating  may  be  of 
limited  use  particularly  in  repair  situations. 

Overloading  treatments  give  reasonable  benefits  when  applied  to  laboratory  test  specimens 
particularly  for  high  strength  steels,  however,  the  application  to  full  size  ship  structures  require 
specialized  heavy  equipment  and  thus  the  use  in  shipyards  is  unlikely  to  be  considered. 

Of  the  various  techniques,  weld  grinding,  weld  profiling,  TIG  dressing  and  hammer,  needle  and 
ultrasonic  peening  appear  to  hold  the  best  potential  for  ship  structure  applications.  Each  of 
these  techniques  provide  a  significant  and  repeatable  improvement  in  fatigue  strength  and 
involve  equipment  and  procedures  that  are  familiar  to  shipyards. 

Stress  relief  techniques  including  PWHT,  vibratory  stress  relief,  Gunnert's  method  and 
explosive  treatments  do  not  appear  to  be  practical  for  ship  applications.  For  these  techmques, 
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the  fatigue  strength  improvement  benefit  is  minimal  and  /  or  the  procedures  involved  are  singly 
not  possible  in  a  shipyard  environment. 

Other  techniques  including  spot  heating  and  local  compression  may  hold  son^  p(^ential  as 
treatments  for  specific  r^irs  (tetails. 

Due  to  the  expense  of  tte  ai^lication  of  these  techniques,  it  is  suggested  that  they  should  be 
considered  primarily  as  remedial  actions  or  treatments  used  in  repair  situations  rather  than 
procedures  specified  in  tte  design  of  new  structures.  At  the  design  stage,  these  treatn^nts 
should  only  be  considered  as  a  last  resort  if  the  designer  cannot  modify  the  joint  in  qpesticm  to 
achieve  the  desired  fatigue  performance  for  the  over  structure. 
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4.0  APPLICATION  OF  WELD  IMPROVEMENT  TECHNIQUES  TO  SHIPS 


4.1  INTRODUCTION 

As  outlined  in  Section  3,  a  substantial  amount  of  research  has  been  carried  out  on  the  relative 
benefits  of  fatigue  strength  improvement  methods  for  welds.  The  technical  feasibility  of  various 
techniques  has  been  investigated  in  numerous  laboratory  experiments  and,  to  a  more  limited 
extent,  in  the  field.  As  a  result  several  methods  have  been  included  in  design  codes  for  high¬ 
way  and  rail  bridges  and  offshore  structures  as  approved  procedures  for  improving  critical  joints 
and  to  avoid  extensive  redesign  when  a  damaged  structure  has  been  repaired.  A  key  question  is 
whether  these  techniques  can  successfully  be  applied  to  ship  structure  and,  if  so,  can  this  be 
done  in  a  cost  effective  manner.  A  related  question  concerns  the  practicality  of  these  methods. 

The  techniques  that  are  most  mature  in  industrial  applications,  and  appear  to  offer  the  most 
potential  for  ship  structure  applications,  include  the  weld  toe  grinding,  TIG  dressing,  and  ham¬ 
mer  peening  treatments  as  well  as  combinations  of  these  treatments.  To  date,  however,  there 
has  been  only  limited  application  to  ship  structures,  primarily  with  regards  to  crack  repairs.  A 
survey  of  shipyards  has  indicated  that  procedures  such  as  weld  grinding,  TIG  dressing  and  weld 
peening  are  currently  applied  only  in  special  circumstances,  or  where  there  is  no  other  real 
repair  alternative.  The  additional  cost  involved  is  an  overriding  concern  for  shipyards  for  new 
constructions;  any  procedure  which  is  not  cost  effective  is  not  likely  to  be  adopted  even  if 
fatigue  strength  improvements  are  substantial.  It  also  appears  that  in  many  cases  there  is  a  lack 
of  standard  procedures  for  applying  weld  improvement  techniques  in  shipyards. 

In  terms  of  implementing  such  techniques,  guidance  is  therefore  needed  for  all  those  concerned 
with  the  structural  integrity  of  ships.  There  are  several  variables  to  be  considered  in  making 
decisions  in  regard  to  the  application  of  fatigue  life  improvement  techniques.  These  may 
include: 

•  type  of  joint; 

•  steel  and  weld  properties; 

•  weldmg  process; 

•  welding  configuration  (eg. ,  downhand); 

•  manual  or  automatic  welding; 

•  equipment  available; 

•  access; 

•  inspection  and  quality  control; 

•  operator  skill  and  training;  and 

•  costs. 

These  and  other  factors  may  need  to  be  considered  in  determining  the  practicality  of  applying 
fatigue  life  improvement  techniques. 

This  chapter  provides  guidance  on  the  application  of  the  burr  grinding,  TIG  dressing  and 
hammer  peening  techniques  for  improving  the  fatigue  life  of  welded  ship  details.  These 
techniques  are  consider^  to  have  tte  most  potential  for  ship  structure  details.  Optimum 
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procedures  for  the  application  of  these  technicpes  are  presented,  based  on  the  IIW  Conunission 
XIII  Working  Group  2  specification  by  Haagensen  and  Maddox  (1995).  Tests  on  the  practical 
application  of  tl^se  techniques  on  a  representative  ship  structure  detail  are  also  presented  and 
used  to  develop  factors  for  estimating  costs. 

The  specifications  have  not  been  adopted.  They  are  draft  specifications  for  a  round  robin  test 
program  on  improvement  technique  sponsor^  by  IIW  Commissiom  XIII  Working  Group  2.  It  is 
expected  that  these  specificatioms  will  be  published  after  the  results  of  tl^  round  robin  exercise 
are  evaluated  (sometinne  in  1997). 


4.2  BURR  GRINDING 


4.2.1  AppUcattons 


The  burr  grinding  treatment  may  be  applied  for  new  constructions  or  for  improving  the  rpair 
life  of  welds.  As  discussed  in  section  3.2.1,  burr  grinding  is  aimed  at  removing  small  crack¬ 
like  defects  at  tte  weld  toe,  ttereby  introducing  a  significant  crack  initiation  delay.  A 
secondary  benefit  in  terms  of  fatigue  p)erformaiK;e  is  achieved  by  reducing  the  notch  stress 
concentration  at  the  weld  toe.  Since  the  improvement  in  fatigue  strength  is  due  to  a  modifi¬ 
cation  in  the  conditions  at  the  weld  toe,  the  burr  grinding  technique  should  only  be  considered 
as  a  treatment  for  weld  details  wtere  failure  can  be  expiected  to  occur  at  die  weld  toe. 

Obviously  no  improvement  can  be  expected  if  the  untreated  joint  is  as  likely  to  fail  from  the 
weld  ro(^  as  the  weld  toe;  the  failure  in  the  treated  Joint  would  only  be  shifted  to  the  root  as 
illustrated  in  Figure  4.1. 

Burr  grinding  is  most  successhil  when  applied  to  the  following  basic  types  of  detail  (see  Figure 
4.2): 

a)  Transversely  loaded  butt  welds  (welded  from  both  sides);  and 

b)  Transversely  loaded  full  penetration  T-joints  and  cruciform  joints. 

It  should  be  noted  that  transverse  butt  welds  with  the  profile  ground  flush  with  the  plate  surface 
should  not  be  assumed  to  obtain  any  additional  benefit  from  burr  grinding  of  the  weld  toe. 

Because  burr  griiKling  introduces  groove  marks  in  the  direction  transverse  to  the  weld  which  can 
serve  as  crack  initiation  sites,  it  is  not  recommended  as  a  treatment  for  welded  joints  that  are 
loaded  in  a  direction  parallel  to  the  weld,  for  exanple: 

a)  Longitudinally  loaded  butt  weld  (oriented  piarallel  to  the  main  stress  direction); 

b)  Longitudinally  loaded  groove  welds; 

c)  Longitudinally  loaded  fillet  welds  (both  continuous  and  intermittent); 

d)  Longitudinally  loaded  weld  terminations. 
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Due  to  the  uncertainty  about  the  initiation  site  of  the  fatigue  crack,  caution  should  be  used  when 
considering  applying  burr  grinding  improvement  techniques  to  the  following  Qrpes  of  basic 
welded  details: 

a)  Transverse  butt  welds  made  from  one  side  and  those  made  onto  permanent  backing; 

b)  Connectors  and  studs; 

c)  Cruciform  and  T  joints  with  partial  penetration  butt  or  fillet  welds; 

d)  Coverplates; 

e)  Lap  joints. 


a)  Joints  Most  Suitable  for  Improvement  b)  Joints  Less  Suitable  for  Improvement 


Figure  4.1  Alternative  Failure  Locations  of  Welded  Joints 
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Figure  4.2  Basic  Weld  Detail  (Stambaugh  et.  al.,  1994) 
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If  applying  weld  toe  fatigue  improvement  techniques  to  these  types  of  details,  checks  should  be 
made  to  ensure  that  fatigue  failure  will  not  first  occur  at  the  weld  root  or  other  site  in  the  weld 
detail.  For  example,  if  applying  a  weld  toe  treatment  to  a  partial  penetration  fillet  weld  or  lap 
joint,  the  fatigue  strength  of  the  weld  toe  will  increase  but  the  fatigue  life  of  the  joint  may  not 
increase  as  much  as  expected  because  failure  may  move  to  the  weld  root.  In  practice,  it  is 
possible  to  ensure  that  root  failure  will  not  occur  by  providing  an  adequate  weld  size  (throat 
dimension)  in  partial  penetration  joints. 

It  is  further  recommended  that  the  minimum  plate  thickness  for  implementation  of  toe  grinding 
improvement  techniques  be  10  mm  (3/8  in.).  This  is  because  at  thinner  thicknesses,  removal  of 
0.5  mm  of  material  at  the  weld  toe  represents  a  fairly  significant  (5%)  reduction  in  the  load 
bearing  cross  sectional  area,  thus  increasing  the  stress  levels  and  possibly  increasing  the 
susceptibility  to  other  modes  of  failure  (plastic  collapse,  buckling). 

4.2.2  Fatigue  Strength  Improvement  By  Burr  Grinding 

The  current  status  of  the  incorporation  of  burr  grinding  (as  well  as  TIG  dressing  and  hammer 
peening)  improvement  methods  into  design  rules  and  guidance  notes  is  limited.  To  date,  there 
are  no  universally  accepted  design  S-N  curves  for  these  techniques.  However,  several  research 
projects  are  currently  underway  which  should  hopefully  remedy  the  situation  in  the  near  future. 
Of  particular  relevance  to  this  project  is  the  IIW  Commission  XIII  -  Working  Group  2 
collaborative  testing  program,  involving  12  laboratories  in  10  countries,  three  improvement 
techniques  (burr  grinding,  TIG  dressing,  and  hammer  peening)  applied  to  a  TMCP  steel  (420 
MPa  yield  strength).  The  results  of  this  program  should  be  available  in  1997. 

Of  the  various  design  codes,  the  UK  Health  and  Safety  Executive  (1992)  guidance  rules  allow 
application  of  a  factor  of  1.3  on  strength  (2.2  on  life)  on  the  S-N  curves  of  all  types  of  joints  if 
grinding  is  performed.  The  slope  of  the  S-N  curve  remains  fixed  at  3.  The  Det  Norske  Veritas 
(1995)  fatigue  assessment  procedure  permits  an  increase  by  a  factor  of  2  on  fatigue  life  by  local 
grinding  of  the  weld  toe.  Lloyd's  fatigue  assessment  procedure  (1996)  suggests  the  amount  of 
increase  in  fatigue  strength  depends  on  the  grinding  process  used  and  can  be  estimated  to  be  of 
the  order  of  at  least  50%  in  the  high  cycle  region.  However,  the  quantitative  improvement  in 
fatigue  life  should  be  agreed  with  LR  based  on  existing  experimental  data. 

In  summary,  an  increase  in  fatigue  strength  of  the  order  of  30%  above  that  of  the  as-welded 
design  S-N  curve,  with  no  change  in  slope  of  the  curves  (ie.  m=3),  may  be  assumed  as  a 
conservative  lower  bound,  Haagensen  (1996).  This  corresponds  to  approximately  a  120% 
increase  in  the  fatigue  life,  provided  the  life  of  the  as-welded  joint  is  greater  than  10^  cycles. 
The  improvement  in  fatigue  strength  is  independent  of  the  tensile  strength  of  the  steel 
(VosUcovsky,  1992).  Higher  levels  of  fatigue  strength  improvement  should  be  justified  based  on 
experimental  data  for  similar  types  of  joints  and  steels. 
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4.2.3  Corroskm  Protection 


Current  design  codes  impose  a  penalty  factor  which  reduces  the  fatigue  life  or  operating  stress 
for  untreated  joints  operating  in  seawater.  It  has  also  been  shown  in  the  literature  that  joints 
tested  in  a  corrosive  environment  may  also  have  r^uced  benefit  from  toe  grinding  (and  other 
weld  improvement)  treatments. 

Booth  (1987)  presented  results  which  demonstrate  the  effect  of  a  corrosive  environment 
(artificial  seawater)  on  the  fatigue  life  of  weld  ground  joints  fabricated  from  a  350  MPa  yield 
strength  steel.  The  tests  were  carried  out  at  a  stress  ratio  of  R  =  0,  a  testing  fre^ency  of  1/6 
Hz  and  a  water  temperature  between  5  to  S'C.  Some  of  the  joints  were  pre-corroded  for 
approximately  six  weeks  by  exposure  to  the  atmosphere.  Each  week  individual  specin^ns  were 
also  sprayed  with  seawater.  The  results  of  these  tests  performed  in  seawater  immersion  in  free 
corrosion  and  with  (^imum  cathodic  protection  are  shown  in  Figures  4.3  and  4.4.  On  the  basis 
of  data  presented  in  the  latter  figure  it  can  be  seen  that  under  free  corrosion  conditions  the 
benefit  of  weld  toe  grinding  is  removed  and  the  i«rformance  is  inferior  to  that  of  joints  loaded 
in  air.  This  has  been  explained  by  the  corrosive  action  of  seawater  causing  general  surface 
roughening  and  pitting  of  the  smooth  profile  of  the  ground  area  which  provides  for  easy  crack 


Figure  4.3  Fatigue  Tests  for  Ground  Joints  (Booth,  198^ 
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Figure  4.4  Summary  of  Effects  of  Precorrosioss  and  Environment  on  Ground  Joints 
(Booth,  1987) 


initiation  early  in  the  life  of  the  joints.  However  testing  at  optimum  cathodic  protection 
conditions  restores  the  performance  to  the  in-air  results.  It  can  also  be  seen  that  the  pre¬ 
corrosion  period  caused  a  small  reduction  in  fatigue  life,  when  subsequent  testing  was  carried 
out  with  cathodic  protection. 

Matsumoto  et  al.  (1989)  presented  similar  findings  for  welded  Joints  with  weld  toe  grinding 
treatments  fabricated  from  four  steels  with  yield  stresses  of  372,  465,  481  and  764  MPa.  The 
results  from  this  series  of  tests  for  as-welded,  in  air,  free  corrosion  and  cathodic  protection  are 
given  in  Figures  4.5  -  4.8.  Matsumoto  et  al.  also  gave  a  plot  of  the  variation  of  fatigue  strength 
of  these  steels  under  free  corrosion  and  cathodic  protection  conditions  vs  tensile  strength  of  the 
base  metal  which  is  shown  in  Figure  4.9. 

The  corrosion  protection  systems  used  on  ships  include  protective  coatings  and  sacrificial 
anodes.  Coatings  are  paints  to  prevent  metal  from  direct  contact  with  corrosive  elements  such 
as  seawater.  The  paints  used  widely  in  marine  conditions  are  "twopack"  epoxy  coatings.  Two- 
pack  means  that  these  paints  are  prepared  by  mixing  two  components  before  application.  These 
two  components  are  mixed  just  before  use  and  after  application  the  paint  cures  to  a  hard  durable 
coating  by  chemical  reaction.  In  most  cases  welds  require  some  degree  of  grinding  or  blast 
cleaning  to  remove  pinholes,  sharp  projections  and  undercuts  which  may  protrude  through  the 
paint  films  or  result  in  poor  attachment  of  the  coating  to  the  surface.  As  such,  this  can  be  a 
good  opportunity  for  grinding  and  smoothing  out  weld  defects  to  not  only  improve  the 
application  of  the  protective  coating,  but  also  to  improve  fatigue  strength. 
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It  should  be  noted  that  in  the  case  where  weld  grinding  is  performed  as  a  preparation  for  the 
application  of  protective  coatings,  care  should  be  taken  to  ensure  that  the  fatigue  performance  of 
the  weld  is  not  adversely  affected.  For  example,  disc  grinding  should  be  carried  out  perpendic¬ 
ular  to  the  weld  toe.  A  recommendation  of  this  report  would  be  that  additional  studies  be 
carried  out  to  investigate  the  interaction  of  weld  grinding  for  coating  preparation  aiKl  weld 
fatigue  performance. 


Figure  4.5  Effect  of  Weld  Toe  Treatmait  on  the  F^igue  Strength  of  a  272  MPa  Yield  Strength 
Steel  in  Artifici^  Seawater  (Matsumoto  et  al.>  1989) 


Figure  4.6  Effect  of  Weld  Toe  Treatnmit  on  the  F^igue  Strength  of  a  465  MPa  Yield  Strength 
Steel  in  Artiffcial  Seawater  (Matsumoto  et  al.,  19^) 
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Number  o#  cycles  Ni 

Figure  4.7  Effect  of  Weld  Toe  Treatment  on  the  Fatigue  Strength  of  a  481  MPa  Yield  Strength 
Steel  in  Artificial  Seawater  (Matsumoto  et  al.,  1989) 


Number  ot  cycles  Nt 


Figure  4.8  Effect  of  Weld  Toe  Treatment  on  the  Fatigue  Strength  of  a  764  MPa  Yield  Strength 
in  Artificial  Seawater  (Matsumoto  et  al.,  1989) 
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Figure  4.9  Plot  of  the  Corrosion  Fatigue  Strength  at  10*  Cycles  vs  Tensile  Strength  (Matsumoto, 
1989) 


Sacrificial  anodes  are  pieces  of  less  noble  material,  usually  zinc,  which  corrode  preferentially  to 
the  steel,  thereby  providing  protection  to  the  steel.  Note  that  sacrificial  anodes  work  only  in 
environments  where  an  electric  potential  can  be  develc^ied,  ie.  when  immersed  in  sea  water. 

The  use  of  sacrificial  anodes  should  improve  the  corrosive  environment  to  either  Optimum 
Cathodic  Protection  or  Cathodic  Overprotection.  However,  in  practice  the  systems  usually 
result  in  cathodic  overprotection. 

In  summary,  burr  grinding  treatments  should  only  be  considered  where  there  is  adequate 
corrosion  protection.  Unprotected  joints  treated  by  toe  grinding  may  actually  perform  inferior 
to  as-welded  joints  in  terms  of  fatigue  strength  and  corrosion  resistance. 

4.2.4  Equipment 

Weld  toe  burr  grinding  requires  a  high  speed  pneumatic,  hydraulic  or  electric  grinder  with 
rotational  speed  from  1500  to  400(X)  rpm.  The  tool  bit  is  normally  a  tungsten  carbide  burr  (or 
rotating  file)  with  a  hemispherical  head.  To  avoid  a  notch  effect  due  to  small  radius  grooves, 
the  burr  diameter  should  be  in  the  10  to  25  mm  (3/8  to  1  in.)  range  for  application  to  welded 
joints  with  plate  thicknesses  (t)  from  10  to  50  mm  (3/8  to  2  in.).  The  resulting  ro(M;  radius  of 
the  groove  should  be  greater  than  0.25  t. 
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4.2.5  Operator  Training 

Some  skill  is  required  to  perform  burr  grinding  to  the  specified  procedures  and  a  training 
program  should  be  implemented  for  inexperienced  operators.  The  program  should  include 
demonstrations  of  both  acceptable  and  unacceptable  ground  welds,  and  an  explanation  of  the 
factors  that  are  important  for  the  success  of  the  treatment.  The  program  should  include  actual 
grinding  of  at  least  1  m  of  weld,  preferably  in  several  positions,  combined  with  periodic 
inspection  and  evaluation. 

4.2.6  Safety  Aspects 

The  high  speed  grinding  tool  removes  material  at  a  high  rate,  and  produces  sharp  hot  cuttings. 
The  process  is  therefore  capable  of  inflicting  serious  injuries  to  the  operator  or  bystanders. 
Mandatory  protective  gear  includes  heavy  protective  clothing,  leather  gloves,  safety  glasses  and 
ear  protection. 

4.2.7  Weld  Preparation 

The  weld  should  be  de-slagged  and  cleaned  by  wire  brush  prior  to  the  burr  grinding  treatment. 

4.2.8  Burr  Grinding  Procedure 

The  burr  grinding  procedure  is  illustrated  in  Figure  3.3.  The  burr  should  be  centred  over  the 
weld  toe  with  the  tool  axis  approximately  45°  to  the  main  plate,  and  from  15  to  45°  to  the 
direction  of  travel.  The  grinder  can  either  be  pulled  or  pushed  in  the  travel  direction,  although 
the  former  is  usually  better  suited  for  establishing  a  straight  groove  of  even  depth. 

The  grinding  must  extend  to  a  depth  of  at  least  0.5  mm  (0.02  in.)  below  any  visible  undercuts 
or  flaws  at  the  weld  toe  as  illustrated  in  Figure  3.2.  However,  the  maximum  depth  should  not 
exceed  5%  of  the  plate  thickness  for  plates  up  to  40  mm  (1.6  in.)  thickness.  For  thicker  plates, 
the  maximum  grinding  depth  is  2  mm  (0.08  in.). 

The  finished  ground  surface  should  be  as  smooth  as  possible,  with  any  grinding  marks  at  right 
angles  to  the  line  of  the  weld  toe. 

4.2.9  Inspection  and  Quality  Control 

The  ground  weld  should  be  subjected  to  a  visual  and  dimensional  inspection  of  the  weld  toe 
radius  and  depth  of  grinding  and  to  ensure  that  all  weld  toe  defects  and  undercuts  are  removed. 
A  rule  and  weld  gage  are  required,  as  well  as  a  low  power  magnifying  glass  of  approximately 
5X.  A  cast  made  of  silicone  rubber  or  other  suitable  material  is  useful  for  measuring  the  local 
geometry  of  the  weld  toe.  The  visual  inspection  should  ensure  that  all  traces  of  the  original 
weld  toe  is  removed.  It  is  important  that  the  groove  should  not  exhibit  deep  scratches  in  the 
length  direction;  all  grinding  marks  should  be  in  the  direction  transverse  to  the  weld. 
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4.2.10  RemefUal  Treatment 


If  small  ejq)osed  defects  remain  after  grinding  to  the  maximum  prescribed  dei^,  the  joint  can 
be  treated  by  hammer  peening  to  prevent  cracks  from  prcq)agating.  Tlie  pining  treatment 
should  extend  to  at  least  20  mm  (3/4  in.)  outside  the  defect. 

This  remedial  treatment  should  not  be  relied  on  for  larger  pl^ar  defects,  more  than  2  mm  (0.08 
in.)  in  surface  length,  located  transverse  to  tte  stress  direction  (eg.  lack  of  fusion  or  hydrogen 
cracks).  If  such  (tefects  are  present,  tte  weld  should  be  considered  defective  and  repaired. 


4.3  HG  DRESSING 

4.3.1  Applications 

The  TIG  dressing  techni(^e  may  be  j^lied  for  new  constructions  or  for  improving  the  repair 
life  of  welds.  It  also  has  some  potential  for  linking  with  automatic  welding  equipment.  As  with 
burr  grinding,  the  TIG  dressing  improvement  t^hnique  is  aimed  at  removing  small  crack-like 
defects  and  reducing  tlte  notch  stress  concentration  at  tte  weld  toe.  Since  tl^  inq)rovenKnt  in 
fatigue  strength  is  due  to  a  modification  in  the  conditions  at  the  weld  toe,  tl^  TIG  dressing 
technique  should  only  be  considered  as  a  treatment  for  weld  details  where  failure  can  be 
expected  to  occur  at  the  weld  toe. 

TIG  dressing  is  most  successful  when  applied  to  the  following  basic  types  of  details: 

a)  Transversely  loaded  butt  welds  (welded  from  both  sides);  aiwl 

b)  Transversely  loaded  full  penetration  T-joints  and  cruciform  joints. 

c)  Longitudinally  loaded  weld  terminations. 

Due  to  the  uncertainty  about  the  initiation  site  of  the  fatigue  crack,  caution  should  be  used  when 
considering  applying  TIG  dressing  improvement  techniques  to  the  following  types  of  basic 
welded  details: 


a)  Longitudinally  loaded  butt  weld  (oriented  parallel  to  the  main  stress  dir^tion); 

b)  Longitudinally  loaded  groove  welds; 

c)  Longitudinally  loaded  fillet  welds  (both  continuous  and  intermittent); 

d)  Transverse  butt  welds  made  from  cme  side  ami  those  made  onto  permanent  backing; 

e)  Connectors  aiwi  studs; 

f)  Cruciform  and  T  joints  with  partial  penetraticm  Imtt  or  fillet  welds; 

g)  Coverplates;  aiKl 

h)  Lap  joints. 

If  applying  weld  toe  fatigue  improvement  techni<]pies  to  these  types  of  (fetails,  cl^ks  should  be 
made  to  ensure  that  fatigue  failure  will  not  first  occur  at  the  weld  ro<rt  or  otl^r  site  in  the  weld 
detail  as  discussed  for  toe  grinding  in  Section  4.2.1. 
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4.3.2  Fatigue  Strength  Improvement  By  TIG  Dressing 

There  is  less  guidance,  compared  to  toe  grinding,  on  the  degree  of  improvement  that  may  be 
achieved  by  HG  dressing  in  the  various  design  codes. 

Lloyd's'  fatigue  assessment  procedure  (1996)  suggests  the  amount  of  increase  in  fatigue  life 
can  be  estimated  to  be  of  the  order  of  at  least  50%  in  the  high  cycle  region.  The  Lloyd's 
Register  (LR)  procedures  require  that  the  actual  quantitative  in^rovement  should  be  agreed 
upon  between  the  designer  and  LR.  It  is  intended  that  the  level  of  improvement  will  be  based 
upon  existing  relevant  experimental  data. 

Haagensen  (1996)  recommends  an  increase  of  30%  in  stress  on  the  as-welded  design  S-N  curve 
for  all  joints,  with  no  change  in  slope  of  the  curves  (i.e.,  m=3),  as  a  conservative  lower  bound. 
This  corresponds  to  approximately  a  120%  increase  in  the  fatigue  life,  provided  the  life  of  the 
as-welded  joint  is  greater  than  10®  cycles.  The  available  experimental  data  does  not  indicate  a 
significant  trend  of  increasing  fatigue  improvement  with  increasing  tensile  strength  (Figure  3.9). 
Higher  levels  of  fatigue  strength  improvement  should  be  justified  based  on  ejq)erimental  data  for 
similar  types  of  joints  and  steels. 

4.3.3  Corrosion  Protection 

Results  reported  by  Haagensen  (1981),  Figure  4. 10,  show  a  strong  influence  of  free  corrosion 
on  the  fatigue  life  of  TIG  dressed  joints  however  there  are  still  significant  improvement  over  the 


Number  of  cycles  to  failure,  N 


Figure  4.10  Influence  of  Seawater  Corrosion  on  the  Fatigue  Strength  of  As-Welded  and  HG 
Dressed  Specimens  (Haagensen,  1981) 
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as-welded  free  corrosioB  results.  Matsumoto  et  al.  (1989)  furtter  reported  that  optimum 
cathodic  protection  gave  an  additional  improven^nt  to  the  corrosion  fatigue  strength  of  the  TIG 
dressed  joint,  Figures  4.5  and  4.8.  This  improvement  in  corrosion  fatigue  strength  due  to 
cathodically  protected  TIG  dressed  joints  was  50%  and  60%  for  the  372  and  764  MPa  yield 
strength  steel  respectively. 

Despite  the  conclusions  one  might  make  from  the  limited  experimental  results,  it  is 
recommended  that  a  benefit  in  fatigue  life  for  HG  dressed  joints  should  only  be  considered 
where  there  is  adequate  corrosion  protection.  It  should  be  assumed  that  unprotected  joints 
treated  by  TIG  dressing  v/ill  perform  similarly  to  as-welded  joints  in  terms  of  fatigue  strength  in 
free  corrosion.  Any  increase  in  fatigue  strength  of  TIG  dressed  joints  in  free  corrosion  must  be 
justified  by  experiment  for  the  particular  aj^lication  and  corrosive  environment. 


4.3.4  Eqisipimemt 


A  standard  TIG  welding  machine  is  required.  Equipment  with  large  capacity  is  preferred  since 
this  helps  stabilize  the  dressing  qperation  by  increasing  the  heat  input,  and  improves  dressing 
speed.  Argon  is  normally  used  as  shielding  gas.  Additions  of  helium  is  beneficial  as  this  gives 
a  larger  pool  of  melted  metal  due  to  a  larger  heat  input.  Table  4. 1  summarizes  typical 
conditions  and  range  of  dressing  parameters. 


Tatoi®  4.1  Typical  HG  Dressing  ConditkMis 


Shielding  Gas 

Argon 

Gas  Flow  Rate 

7-12  litre/min 

Nozzle  Diameter 

10-14  mm 

Preheat^ 

50-200  °C 

Electrode  Diameter 

3.2  or  4.0  mm 

Voltage,  V 

12-17  volts 

Current,  A 

160-250  amp 

Dressing  Speed,  S 

80-160  mm/min 

Heat  Input,  HI^ 

0.5-2.5  kJ/mm 

^  Dependant  on  steel  type  and  plate  thickness 
^  Heat  Input  is  calculated  from  HI  ~  (60  •  V  •  A)  /  (1000  •  S) 
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4.3.5  Operator  Training 


TIG  dressing  requires  a  relatively  high  level  of  operator  skill  and  it  is  recommended  that  a  trial 
program  be  set  up  to  familiarize  the  welder  with  the  technique  and  develop  optimum  dressing 
conditions,  similar  to  other  welding  process  qualification  programs.  The  program  should 
include  demonstrations  of  both  acceptable  and  unacceptable  dressed  welds,  and  an  explanation 
of  the  factors  that  are  important  for  the  success  of  the  treatment.  The  trials  should  include 
practice  dressing  with  different  heat  inputs  and  torch  positions,  as  well  as  arc  starting  and 
stopping  techniques.  The  program  should  be  supplemented  by  periodic  inspection  and 
evaluation. 


4.3.6  Safety  Aspects 

Standard  welder  safety  equipment  is  mandatory. 

4.3.7  Weld  Preparation 

TIG  dressing  is  sensitive  to  weld  contaminants,  much  more  so  than  other  weld  improvement 
methods.  As  a  result,  the  weld  and  adjacent  plate  should  be  thoroughly  de-slagged  and  wire 
brushed  to  remove  all  traces  of  mill  scale,  rust,  oil  and  paint.  If  necessary,  light  grinding 
should  be  used  to  obtain  a  clean  surface. 

4.3.8  TIG  Dressing  Procedure 
Preheat 

The  heat  input  during  TIG  dressing  is  normally  less  than  that  used  for  welding  the  joint. 
Therefore,  as  a  rule  the  minimum  preheat  temperature  to  be  used  should  be  equal  to  or  larger 
than  that  specified  in  the  welding  procedure.  The  exception  to  this  is  welds  produced  by  the 
Flux  Cored  Arc  Welding  (FCAW)  process  for  which  the  risk  of  weld  metal  cracking  is  reduced 
(due  to  reduced  hydrogen  content),  which  means  that  the  preheat  temperature  for  TIG  dressing 
can  be  reduced.  The  preheat  temperature  for  TIG  dressing  of  FCAW  joints  may  be  chosen  on 
the  basis  of  the  preheat  temperature  that  would  be  used  for  MMA  welding  of  the  joint. 


Dressing  Parameters 

Suitable  dressing  conditions  for  the  horizontal  downhand  position  are  shown  in  Figure  4.11. 
Dressing  conditions  may  vary  with  the  welding  position.  As  a  general  rule  a  high  heat  input 
should  be  used  since  this  gives  a  low  hardness  in  the  HAZ.  However,  an  excessive  heat  input 
caused  by  a  combination  of  high  current  and  low  travel  speed  can  result  in  undercuts  or  a 
substandard  bead  profile. 
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Figure  4.11  TIG  Dressing  Conditions  (Millington,  1973) 


Positioning  of  Torch  and  Bead  Profile 

Optimum  torch  positioning  and  bead  profiles  are  illustrated  in  Figures  3.6  and  3.7.  Normally 
the  best  result  is  obtained  when  the  arc  centre  is  a  small  distance  (0.5  -  1.5  mm)  outside  the 
weld  toe.  If  the  arc  is  positioned  too  close,  the  weld  bead  may  result  in  formation  of  a  new  toe 
as  shown  in  Figure  3.7  (b)  and  (c).  Remedial  treatment  should  be  considered  in  such  cases.  A 
remelted  weld  toe  as  shown  in  Figure  3.7  (a)  represents  an  optimum  shape  with  respect  to 
fatigue  improvement. 

Arc  Stopping  and  Restarting 

Arc  stopping  and  restarting  may  create  craters  or  poor  bead  profiles.  ITiis  can  be  avoided  by 
starting  the  arc  about  6  mm  behind  the  stop  position  as  indicated  in  Figure  4. 12  (a).  Other 
acceptable  methods  involving  starting  or  stopping  from  the  weld  bead  are  also  illustrated  in  this 
figure. 


4.3.9  Inspection  and  Quality  Control 

In  the  case  of  TIG  dressing  the  quality  of  the  treatment  is  so  dependent  on  the  combination  of 
the  dressing  parameters  and  the  skill  of  the  operator  that  it  is  recommended  that  a  qualification 
test  be  carried  out  to  familiarize  the  welder  with  tte  technique  and  to  develop  optimum  dressing 
conditions. 
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Figure  4.12  TIG  Dressing  Stop  and  Restart  Techniques  (Haagensen  and  Maddox,  1995) 


Inspection  is  carried  out  visually  to  ensure  that  an  optimum  shape  of  weld  toe  and  a  large  radius 
transition  from  the  weld  metal  to  the  base  plate  is  obtained  as  shown  in  Figure  3.7. 

4.3.10  Remedial  Treatment 

In  the  case  of  weld  toe  shapes  which  are  less  than  optimum,  remedial  action  can  be  taken  by 
performing  a  new  dressing  run.  The  ease  of  repeating  TIG  dressing  is  one  of  the  advantages  of 
this  method. 


4.4  HAMMER  PEENING 
4.4.1  Applications 

The  hammer  peening  technique  may  be  applied  for  new  constructions  or  for  improving  the 
repair  life  of  welds,  however  it  is  particularly  effective  for  the  latter.  Hammer  peening 
introduces  large  residual  compressive  stresses  (up  to  the  yield  strength)  which  can  penetrate 
deep  into  the  plate  thickness,  up  to  6  mm  (0.25  in.).  In  the  case  where  surface  cracks  are 
repaired  by  grinding  and  welding,  it  can  sometimes  occur  that  the  crack  tips  are  not  fully 
removed.  In  such  cases,  cracks  will  re-initiate  and  propagate  relatively  soon  after  the  repair  is 
completed.  By  applying  a  hammer  peening  treatment,  the  crack  tips  that  are  missed  in  the 
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original  repair  will  be  exposed  to  the  residual  compressive  stress  field  induced  by  the  treatment. 
This  can  impede  the  cracks  from  re-initiating  and  therefore  greatly  extend  the  repair  life. 

Hammer  peening  treatments  have  been  used  with  success  for  repairing  side  shell  longitudinal  / 
web  frame  connections  on  TAPS  tankers,  similar  to  the  detail  shown  at  the  bottom  of  Figure  2.2 
(Lacey,  1996).  These  particular  details  experienced  chronic  cracking  which  proved  to  be  very 
expensive  to  repair  each  year.  To  remedy  the  problem,  the  design  of  the  connections  in  the 
tanks  at  midships  were  modified,  while  hammer  peening  treatments  were  applied  to  the  brackets 
elsewhere.  The  cost  of  hammer  peening  a  joint  was  estimated  to  be  aj^roximately  ten  times 
less  costly  than  the  modified  design.  To  date,  it  has  been  reported  that  the  connections  that 
were  hammer  peened  have  not  experienced  any  cracking  after  three  years  (where  previously 
cracks  were  occurring  every  year).  It  was  also  reported  that  a  few  of  tte  modified  brackets 
have  since  experienced  cracks.  This  example,  therefore,  suggests  that  hammer  peening 
treatments  can  be  a  very  cost-effective  method  of  improving  the  fatigue  strength  of  details  that 
have  experienced  cracking  problems. 

Details  which  can  be  readily  considered  for  hammer  peening  include: 

a)  Transversely  loaded  butt  welds  (welded  from  both  sides);  and 

b)  Transversely  loaded  full  penetration  T-joints  and  cruciform  joints. 

c)  Longitudinally  loaded  weld  terminations. 

Due  to  the  uncertainty  about  the  initiation  site  of  the  fatigue  crack,  caution  should  be  used  when 
considering  applying  hammer  peening  improvement  techniques  to  the  following  types  of  basic 
welded  details: 

a)  Longitudinally  loaded  butt  weld  (oriented  parallel  to  the  main  stress  direction); 

b)  Longitudinally  loaded  groove  welds; 

c)  Longitudinally  loaded  fillet  welds  (both  continuous  and  intermittent); 

d)  Transverse  butt  welds  made  from  one  side  and  those  made  onto  permanent  backing; 

e)  Connectors  and  studs; 

f)  Cruciform  and  T  joints  with  partial  penetration  butt  or  fillet  welds; 

g)  Coverplates;  and 

h)  Lap  joints. 

If  applying  weld  toe  fatigue  improvement  techniques  to  these  types  of  details,  checks  should  be 
made  to  ensure  that  fatigue  failure  will  not  first  occur  at  the  weld  root  or  other  site  in  the  weld 
detail  as  discussed  for  toe  grinding  in  Section  4.2.1.  It  should  be  noted  that  the  TAPS  tanker 
detail  discussed  above,  was  in  fact  a  lap  joint. 

4.4.2  Fatigae  Streegth  Improvememt  By  Hammer  Peening 

There  is  very  little  guidance  on  the  degree  of  improvement  that  may  be  achieved  by  hammer 
peening  in  the  various  design  codes.  The  IIW/IIS  proposition  for  joints  improved  by  hamn^r 
peening  (Maddox,  1993)  is  to  reclassify  all  treated  joints  as  Eurocode  3  Class  125  joints,  which 
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is  approximately  equivalent  to  the  Class  A  curve  given  in  Figure  2.9.  However,  the  stress 
range  to  be  used  in  the  fatigue  assessment  is  to  be  redefined  as: 

Ao'  =  Omax  forR^O 

A  o '  =  A  o  for  R  <  0 


where  Ao  =  o^3^-o„i„ 

Omax  =  maximum  nominal  value  of  applied  stress  in  the  cycle; 

Ouijjj  =  minimum  nominal  value  of  applied  stress  in  the  cycle; 

R  =  is  the  applied  stress  ratio. 

Alternatively,  Haagensen  (1996)  recommends  an  increase  of  60%  in  stress  on  the  as-welded 
design  S-N  curve  for  all  joints,  with  no  change  in  slope  of  the  curves  (ie.  m=3),  as  a 
conservative  lower  bound. 


Neither  of  these  approaches  take  into  account  the  increase  in  fatigue  strength  with  increasing 
tensile  strength  that  the  experimental  data  suggests  for  hammer  peening  treatments  (Vosikovsky, 
1992).  Nor  do  they  appear  to  account  for  the  shift  and  rotation  of  the  S-N  curve  for  welds 
improved  by  hammer  peening.  The  effectiveness  of  this  improvement  method  is  greatest  in  the 
high  cycle  /  low  stress  part  of  the  S-N  curve.  In  the  low  cycle  /  high  stress  region,  the  effect  of 
most  improvement  techniques  is  small  or  non  existent.  Thus  it  appears  that  further  research  and 
development  is  required  to  establish  appropriate  fatigue  S-N  curves  for  hammer  peening  treat¬ 
ments  of  different  types  of  detail  in  different  steels.  In  the  meantime,  the  above  recommenda¬ 
tions  may  be  used  as  conservative  guidelines.  Higher  levels  of  fatigue  strength  improvement 
should  be  justified  based  on  experimental  data  for  similar  types  of  joints  and  steels. 

It  should  be  noted  that  Lloyd's'  fatigue  assessment  procedure  (1996)  indicates  that  stress  relief 
improvement  methods  are  not  adequate  for  improving  the  fatigue  strength  of  ship  structural 
details  since  residual  stresses  may  be  relaxed  if  peak  service  loads  cause  local  yielding.  The 
discussion  is,  however,  ambiguous  for  it  is  not  clear  whether  they  are  referring  to  hammer 
peening  treatments  or  to  thermal  (or  other  types)  of  weld  stress  relief.  There  does  not  appear  to 
be  any  experimental  evidence  indicating  that  the  effectiveness  of  the  hammer  peening  treatment 
is  reduced  as  a  result  of  periodic  overloads.  Indeed,  as  discussed  in  section  4.4.1,  hammer 
peening  treatments  have  been  used  quite  successfully  in  ship  structure  welded  joints  subjected  to 
variable  amplitude  loading. 


4.4.3  Corrosion  Protection 

The  effect  of  seawater  on  the  performance  of  hammer  peening  can  be  assessed  by  results 
presented  by  Booth  (1987),  Figure  4.13,  for  cruciform  joints  tested  in  artificial  seawater  with 
optimum  cathodic  protection  and  also  with  cathodic  overprotection.  These  results  showed  that 
the  fatigue  performance  in  seawater  using  cathodic  protection,  (optimum  and  overprotection) 
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were  at  in-air  levels  and  that  the  fatigue  strength  under  these  conditions  was  iiK:reased  to  a  level 
comparable  with  the  parent  plate. 


Figure  4.13  The  Effect  of  Seawater  Corrosion  on  Hammer  Peened  Specimras  (Botrth,  1987) 


Matsumoto  et  al.  (1989)  also  presents  results  for  hammer  peened  joints  tested  under  free 
corrosion  and  cathodic  protection  conditions  as  shown  in  Figures  4.5,  4.7  and  4.8.  Tbey  also 
conclude  that  hammer  peening  was  the  most  promising  weld  toe  treatment  for  increasing 
corrosion  strength. 

In  summary,  while  hammer  peening  treatments  ^pear  to  be  less  influenced  by  corrosion  than 
other  treatments,  it  is  still  recommeiKied  that  they  only  be  considered  wtere  ttere  is  adequate 
corrosion  protection.  As  was  tte  case  with  the  in-air  results  hammer  peening  gives  the  greatest 
improvement  in  corrosion  fatigue  behaviour  of  all  the  improvement  techniques  considered,  when 
combined  with  optimum  cathodic  protection.  In  this  case  the  fatigue  strength  is  increased  to  a 
level  which  is  comparable  to  the  base  metal.  However,  unprotected  joints  treated  by  hammer 
peening  should  not  be  relied  on  to  perform  better  than  as-welded  joints  in  terms  of  fatigue 
strength  and  corrosion  resistaiw^e. 

4.4.4  Equipment 

A  pneumatic,  hydraulic  or  electric  hammer  is  required.  Conventional  chipping  hammer 
equipment  may  be  used.  A  suitable  pneumatic  hammer  gun  has  a  40  mm  diameter  piston, 
operates  at  an  air  pressure  of  5  to  7  bars,  and  delivers  30  to  40  blows  per  second.  A  suitable 
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electric  hammer  is  a  rotary  hammer  which  has  a  700  W  motor  and  delivers  about  SO  blow  per 
second.  However,  more  modem  equipment  is  now  becoming  available  which  is  lighter, 
vibration  dampened  and  silenced.  These  features  increase  operator  comfort  and  ease  of  use, 
and  should  improve  control  of  the  hammer  peening  operation. 

Hardened  steel  tool  bits  with  approximately  hemispherical  tips,  6  to  18  mm  in  diameter,  and 
ISO  to  2S0  mm  in  length  are  us^.  Such  tools  are  not  generally  available  as  standard  off-the- 
shelf  equipment,  but  can  be  easily  produced  by  grinding  the  tips  of  standard  chisels. 

4.4.5  Operator  Training 

Some  skill  is  required  to  perform  hammer  peening  to  the  specified  procedures  and  a  training 
program  should  be  implemented  for  inexperienced  operators.  The  program  should  include 
demonstrations  of  both  acceptable  and  unacceptable  peened  welds,  and  an  eiqilanation  of  the 
factors  that  are  important  for  the  success  of  the  treatment.  The  program  should  include  peening 
of  at  least  1  m  of  weld,  preferably  in  several  positions,  combined  with  periodic  inspection  and 
evaluation. 

4.4.6  Safety  Aspects 

Hammer  peening,  even  with  modem  silenced  units,  is  an  extremely  noisy  operation  so  that  it  is 
essential  ^t  the  operator  and  others  working  in  the  vicinity  use  ear  protection.  Normal 
protective  clothing  for  working  in  a  fabrication  shop  is  adequate,  but  it  should  include  safety 
goggles  or  a  face  mask. 

4.4.7  Weld  Preparation 

The  weld  should  be  de-slagged  and  cleaned  by  wire  brush  to  remove  scale  and  oxide  layer  prior 
to  the  peening  treatment. 

4.4.8  Hammer  Peening  Procedure 

The  hammer  peening  procedure  is  illustrated  in  Figure  3.17.  Effective  treatment  requires 
reasonably  accurate  positioning  of  the  tool  over  the  weld  toe  so  that  metal  on  each  side  (both 
weld  and  parent  plate)  is  deformed.  The  resulting  groove  must  be  smooth  and  free  from 
obvious  individual  indentations.  Repeated  peening,  usually  four  passes,  is  required  to  achieve 
full  coverage  and  a  smooth  surface. 

4.4.9  Inspection  and  Quality  Control 

The  quality  control  of  the  hammer  peening  treatment  also  requires  operator  training  to  ensure 
that  the  treatment  of  weld  joints  is  reliable  and  repeatable.  In  general  it  is  not  possible  to 
verify  that  hammer  peening  has  been  carried  out  correctly  by  visual  inspection  alone.  Many  of 
the  important  features  such  as  coverage  and  surface  finish  can  only  be  described  qualitatively. 
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while  the  extent  of  the  plastic  deformation,  which  reflects  the  level  of  compressive  stresses  is 
too  small  for  reliable  measurement.  Therefore,  the  most  practical  quality  control  strategy  is  to 
establish  an  acceptable  hammer  peening  procedure  and  then  to  ensure  that  it  is  followed 
carefully. 

The  treatment  of  an  actual  weld  area  can  be  verified  visually  and  the  weld  surface  compared 
with  photographs  of  reference  peened  welds,  a  library  of  which  would  have  to  be  developed. 

The  indentation  along  the  weld  toe  should  be  uniform  with  a  smooth  surface  finish.  As  a  guide, 
the  indentation  depth  should  vary  between  about  0.5  mm  in  mild  steel  (yield  strength  up  to  250 
MPa)  to  0.25  mm  in  higher  strength  steels  (250  to  450  MPa).  The  indentation  depth  should 
normally  not  exceed  1  mm.  Upon  visual  inspection,  if  the  above  deformation  criteria  is  not 
obtained,  the  number  of  peening  passes  should  be  increased  until  the  proper  weld  toe 
deformation  is  produced.  However,  care  should  also  be  taken  to  ensure  that  an  area  is  not  over- 
peened  which  would  be  illustrated  by  weld  metal  which  is  folded  over  the  weld  toe  or  cracks  in 
the  deformed  material.  If  such  defects  are  present,  the  weld  should  be  considered  defect  and 
repaired.  Assuming  there  are  no  planar  defects,  a  possible  remedial  action  would  be  rewelding 
and  grinding. 


4.5  PRACTICAL  TESTS  OF  WELD  FATIGUE  IMPROVEMENT  TECHNIQUES 

In  order  to  provide  a  further  assessment  of  the  practical  implementation  of  the  three  weld 
improvement  methods  on  typical  ship  weld  assemblies,  a  series  of  tests  were  conducted.  The 
objective  of  these  tests  was  to  apply  the  three  techniques  (burr  grinding,  TIG  dressing  and 
hammer  peening)  under  similar  conditions  in  order  to  collect  data  relating  these  techniques  to 
pertinent  shipyard  production  criteria.  These  tests  were  performed  in  the  laboratories  of  the 
MIL  Davie  shipyard  in  Lauzon,  Quebec. 

4.5.1  Procedure 

Six  assemblies  (T)  with  a  scallop  in  the  middle  were  welded  using  the  FCAW  (flux  cored  arc 
welding)  process.  The  Joint  specimen  used  in  the  assessment  tests  is  shown  in  Figure  4.14.  A 
fillet  weld  with  an  8-mm  leg  was  made  in  a  single  weld  pass  (see  welding  parameters  on  Figure 
4. 14).  Weld  flux  was  removed  by  brushing,  the  welds  being  left  as  is  for  subsequent 
operations. 

The  weld  assemblies  were  installed  in  three  positions:  horizontal,  vertical  and  overhead  (see 
Figure  4.15).  This  is  to  simulate  the  real  working  environment  in  newly-built  or  existing  ships. 
Figures  4.16  to  4.18  show  the  three  different  techniques  being  applied  to  horizontally-positioned 
assemblies.  Each  technique  v^as  used  on  the  weld  toe  of  the  fillet  welds  on  their  entire  length, 
including  wraps  at  the  ends  of  the  assemblies  and  inside  the  scallop.  The  equipment  and 
methods  used  for  all  the  tests  were  applied  in  accordance  with  the  IIW  specifications  by 
Haagensen  and  Maddox  (1995),  as  summarized  in  sections  4.2  to  4.4.  Weld  improvement  data 
sheets  for  the  tests  based  on  these  procedures  are  included  in  Appendix  A,  B  and  C  for  burr 
grinding,  TIG  dressing  and  hammer  peening  respectively. 
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WELDING  DATA  SHEET  REPORTNo.:  S155 


Figure  4.14  Specimen  Used  for  Evaluating  Practicality  of  Fatigue  Improvement  Techniques 
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Figure  4.18  Hammer  Peening  Technique  Being  Applied  to  a  Horizontally-Positioned  Specimen 
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4.5.2  Test  Results 


All  the  parameters  of  the  improvement  methods  were  recorded,  for  each  position,  on  the  data 

sheets  included  in  the  appendices  of  this  report.  Also  included  are  a  macrographic  evaluation  of 

the  weld  bead  after  improvement  of  the  weld  toes  as  well  as  the  results  of  hardness  measures 

taken  in  the  heat  affected  zone  by  TIG  dressing.  The  following  observations  were  made: 

1 .  The  time  spent  in  applying  the  improvement  methods  depends  directly  on  the  profile  of  the 
weld  bead.  In  case  of  profiles  where  the  overly  of  the  weld  is  important,  the  time  recpiired 
to  make  the  profile  smoother  is  rather  longer,  particularly  for  burr  grinding  and  hammer 
peening.  On  the  other  hand,  the  tin^  devcrted  to  TIG  dressing  is  less  influenced  by  this 
phenomenon  sitK:e  ti^  material  is  fused  by  the  electric  arc. 

2.  The  work  angles  of  th^  three  improven^nt  methods  change  inevitably  for  file  wraps  at  the 
ends  of  the  assemblies  and  die  scallop  which  results,  among  other  things,  in  making  the 
work  time  longer  in  those  locations. 

3.  The  pressure  put  on  the  tool  affects  tte  woiic  time  for  burr  grinding  and  hammer  peening. 
The  pressure  exerted  on  the  tool  may  vary  from  one  worker  to  another. 

4.  Compared  to  TIG  dressing,  the  ease  and  therefore  the  speed  for  installing  the  Inirr  grindir^ 
and  hammer  peening  ecpipn^nt  is  clearly  superior. 

5.  Hie  conical  tip  of  the  Imrr  grinding  tool  was  changed  for  each  position  in  order  to  recreate 
the  same  coiulitions  for  each  assembly.  As  for  hammer  peening,  the  tip  was  ground  to  an 
initial  diameter  of  9  mm  and  there  was  only  one  subsequent  grinding  for  the  three  tests. 

6.  The  length  of  the  treatn^nt  is  not  based  on  the  length  of  the  weld  but  rather  on  the  length  of 
its  toes  (2  X  length  of  weld). 

7.  The  average  travel  speed  of  the  tool  and  the  arc  for  the  three  improvement  methods  are 
summarized  in  Table  4.2.  It  was  determined  that  burr  grinding  of  an  8  mm  (0.315  in.)  fillet 
weld  is  the  least  costly  technique  at  0. 10  hours/metre.  TIG  dressing  is  moderately  more 
expensive  at  0. 13  hr/m,  and  four-pass  hammer  peening  retpiired  0.20  hr/m.  Hiese  may  be 
used  for  estimating  baseline  labour  costs  for  applying  the  three  techniques  to  similar  t)^)es  of 
details. 

8.  The  practical  tests  were  perfom^  under  conditions  where  access  to  the  weld  beads  was 
good.  This  will  not  always  be  the  case  in  production,  in  die  blocks  in  the  shops,  or  in  the 
ships.  Operation  factors  should  be  applied  to  the  baseline  costs  to  take  into  account  the 
accessibility  to  the  weld  beads  and  the  work  locations.  The  operation  factors  presented  in 
Table  4.3  are  based  on  tl^  experience  of  the  MIL  Davie  shipyard.  These  may  be  used  as  a 
guide  for  establishing  cost  estimates  for  application  of  the  improvement  techniques  in 
different  work  locations  and  levels  of  accessibility. 
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9.  Some  hardness  values  in  the  heat  affected  zone  during  TIG  dressing  exceed  300  HV .  This 
h^rHnftss  level  is  representative  of  results  obtained  on  steels  more  sensitive  to  the  change  of 
the  microstructure  and  high  cooling  rates  than  the  300  W  grade  steel  used  in  the  test 
specimens  (for  example,  steels  of  higher  carbon  equivalent,  or  quench  and  tempered,  or 
HSLA  steels). 

Table  4.2  Baseline  Cost  Factors  For  Application  of  Improvement  Techniques 


Method 

Application  Speed  (mm/min)  for  Position 

Flat 

Vertical 

Overhead 

Average 

Burr  grinding 

182 

131 

175 

162.7 

Hammer  peening 

69 

87 

91 

82.3 

TIG  Dressing 

127 

122 

134 

127.7 

Nnffts-  1)  The  average  speed  is  the  average  value  of  the  three  speeds  measured,  that  is 
one  per  welding  position. 


2)  The  time  measured  is  of  course  based  on  an  operation  factor  of  100% . 


Table  4.3  Operation  Factors  for  Costs  of  Improvement  Techniques 


Location 

Access 

Operation  factor 
(%) 

General 

Easy 

50 

Sh(^ 

Difficult 

35 

Erection 

Difficult 

25 

4.5.3  Conclusions  and  Recommendations  From  Tests 

1.  Burr  grinding,  hammer  peening  and  TIG  dressing  are  three  weld  toe  improvement  methods 
easily  used  in  all  positions  provided  there  is  good  access  to  the  weld  bead.  Operator 
qualification  and  experience  is  not  too  demanding  for  the  application  of  burr  grinding  or 
hammer  peening.  On  the  other  hand,  some  welder  qualification  and  experience  are 
important  for  TIG  dressing. 

2.  Welder  qualification  for  TIG  dressing  could  be  the  same  as  the  qualification  required  in  the 
welding  standards;  that  is  a  welder  qualified  for  all  positions  (6G)  with  the  GTAW  process 
according  to  the  type  of  material  to  be  welded.  This  would  ensure  a  quality  of  work  above 
a  minimum  level. 
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3.  The  minimum  operator  experience  for  burr  grinding  and  hammer  peening  could  be  less  than 
10  hours,  including  training  and  practice  on  1  metre  of  weld. 

4.  A  visual  inspection  of  the  entire  length  of  the  improved  welds  as  well  as  the  use  of  a  rule 
and  a  weld  gauge  is  recommended.  In  most  cases  this  will  ensure  adequate  quality  provided 
the  operator  has  been  properly  trained  and  is  experienced  in  the  technique. 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 


5.1  CONCLUSIONS 

Fatigue  cracking  often  occurs  at  welded  details  in  ship  structures.  This  report  has  reviewed  the 
physical  mechanisms  which  result  in  the  fatigue  performance  of  welded  details  being  much 
reduced  in  comparison  to  plain  steel  plate  The  general  approaches  which  may  be  used  to 
improve  the  fatigue  performance  of  fatigue  critical  weld  details  in  ships  was  also  briefly 
outlined,  including  improvements  in  the  design,  fabrication  and  maintenance  procedures. 

A  comprehensive  review  of  the  various  techniques  that  improve  the  fatigue  strength  of  the  weld 
itself  was  presented.  The  review  covered  machining  techniques,  weld  remelting  techniques, 
peening  methods,  residual  stress  relief  techniques,  special  welding  techniques,  and  overloading 
techniques.  Comparisons  of  the  relative  fatigue  improvement  performance,  costs,  advantages 
and  disadvantages  of  the  various  techniques  were  made. 

Of  the  various  techniques,  weld  grinding,  weld  profiling,  TIG  dressing  and  hammer  peening 
appear  to  hold  the  best  potential  for  ship  structure  applications.  Each  of  these  techniques 
provide  a  significant  and  repeatable  improvement  in  fatigue  strength  and  involve  equipment  and 
procedures  that  are  familiar  to  shipyards. 

Stress  relief  techniques  including  PWHT,  vibratory  stress  relief,  Gunnert's  method  and 
explosive  treatments  do  not  appear  to  be  practical  for  ship  applications.  For  these  techniques, 
the  fatigue  strength  improvement  benefit  is  minimal  and  /  or  the  procedures  involved  are  simply 
not  possible  in  a  shipyard  environment. 

Other  techniques  including  spot  heating  and  local  compression  may  hold  some  potential  as 
treatments  for  specific  repair  applications. 

Detailed  guidance  on  the  application  of  the  burr  grinding,  TIG  dressing  and  hammer  peening 
treatments  for  application  to  ship  structures  has  been  presented.  The  guidance  covers  the  types 
of  applications  and  details  that  the  treatments  can  be  applied  to,  the  degree  of  fatigue  strength  or 
life  improvement  that  can  be  achieved,  corrosion  protection  considerations,  and  optimal 
procedures  for  application  of  the  techniques. 

The  procedures  for  burr  grinding,  TIG  dressing  and  hammer  peening  were  tested  on  a 
representative  ship  detail  to  determine  the  practical  issues  and  costs  associated  with  each 
technique  in  a  shipyard  environment.  It  was  determined  that  each  of  these  techniques  may  be 
readily  used  in  all  positions  as  long  as  there  is  good  access  to  the  weld  bead.  Operator 
qualification  and  experience  is  not  too  demanding  for  the  application  of  burr  grinding  or 
hammer  peening.  On  the  other  hand,  some  welder  qualification  and  good  experience  are 
important  for  TIG  dressing. 

The  costs  of  applying  these  techniques,  in  terms  of  hours  per  meter  weld  treated,  were 
estimated  from  these  tests.  It  was  determined  that  burr  grinding  of  an  8  mm  (0.315  in.)  fillet 
weld  is  the  least  costly  technique  at  0. 10  hours/metre.  TIG  dressing  is  moderately  more 
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expensive  at  0. 13  hr/m^  and  four-pass  hammer  peening  required  0.20  hr/m.  Operational  factors 
have  been  presented  which  will  allow  cost  estimates  to  be  made  for  various  work  locations  and 
accessability  levels. 

The  acc^rtance  of  fatigue  improvement  techniques  designers  and  practising  engineers  is 
closely  related  to  the  level  of  qpiality  cwitrol  on  the  aj^lication  of  the  treatments  and  the  ability 
to  ensure  that  the  performance  of  the  improvement  technicjie  is  as  claimed.  Many  techniqpies 
are  not  used  because  inspection  :uid  quality  control  are  extremely  difficult.  Some  methods,  such 
as  shot  peening  and  toe  grinding  are  widely  used  in  certain  industries  because  well  develc^p^ 
quality  ctmtrol  procedures  exist.  Without  increased  assurance  that  treatments  have  been 
properly  applied  and  that  the  claimed  improvement  is  achieved,  many  of  the  techni^es  will  not 
gain  acceptance  in  general  practice. 

At  present  there  is  a  lack  of  universally  accepted  design  S-N  curves  for  inqiroved  joints.  The 
guidance  for  allowable  improvements  in  fatigue  strength  in  design  codes  is  relatively 
conservative  and  limited  and,  in  some  cases  in  contradiction  to  experimental  data.  Some 
progress  is  being  made  by  the  IIW  Commission  XIII  Working  Grwip  2  test  program,  the  results 
of  which  should  be  available  in  tl»  near  future. 

It  is  recommen(ted  that  the  following  levels  of  improvement  be  used  as  conservative  lower 
bounds  : 


•  For  toe  grinding  and  TIG  dressing  treatments  an  increase  of  30%  in  stress  on  the  as-welded 
design  S-N  curve  for  all  joints  with  no  change  in  sl(^  of  the  S-N  curves  (ie.  m=3).  This 
corresponds  to  an  increase  of  approximately  120%  in  terms  of  fatigue  life,  provided  the 
initial  fatigue  life  of  tte  uninq)roved  joint  is  greater  than  10®  cycles. 

•  For  hanuner  peening  an  increase  of  60%  in  stress  on  the  as-welded  design  S-N  curve  for  all 
joints  with  no  change  in  slc^  of  the  $J-N  curves  (ie.  m=3).  This  corresponds  to  an 
increase  of  aiq)roximately  300%  in  terms  of  fatigue  life,  provided  the  initial  fatigue  life  of 
the  unimprov^  joint  is  greater  than  10^  cycles. 

Higher  levels  of  fatigue  strength  or  life  improvement  should  be  justified  based  on  experimental 
data  for  similar  types  of  joints  and  steels. 

In  summary,  burr  grinding,  TIG  dressing  and  hammer  peening  offer  cost  effective  treatnomits 
for  improving  the  fatigue  strength  of  welded  joints  in  ship  structures.  However  it  is  suggested 
that  they  should  be  considered  primarily  as  ren^ial  actirms  or  treatmeitfs  used  in  repair 
situations  rather  than  procedures  specif  in  the  ^sign  of  new  structure.  They  are  not  a 
substitute  for  bad  design  or  workmanship.  At  the  design  stage  these  treatments  should  cmly  be 
considered  if  the  designer  caimm  modify  the  joint  in  question  to  achieve  the  desired  fatigue 
performance  for  the  overall  structure. 


-92- 


5.2  RECOMMENDATIONS 


In  the  previous  section,  some  conservative  guidelines  were  presented  in  regard  to  the  increase  in 
fatigue  strength  that  can  be  achieved  on  application  of  selected  weld  detail  fatigue  life 
improvement  techniques.  Considerably  more  data  is  required  to  provide  comprehensive 
systematic  guidelines  that  designers  and  fabricators  can  use  with  confidence,  i.e.. 

1 .  A  key  recommendation  of  this  study  is  to  perform  systematic  fatigue  tests  on  standard 
details  to  which  fatigue  life  improvement  techniques  have  been  applied.  This  will  allow  S- 
N  curves  to  be  developed  which  can  then  be  used  alongside  "standard"  S-N  curves. 

2.  As  noted  above,  the  primary  application  of  fatigue  life  improvement  techniques  is  in 
remedial  action,  or  treatments,  in  repair  situations  rather  than  in  new  construction.  Hence, 
associated  with  the  application  of  these  techniques,  guidance  is  required  for  selection  of  the 
appropriate  technique  to  be  applied.  These  should  be  integrated,  and  should  be  consistent, 
with  existing  repair  procedures,  quality  control  and  welder  qualification  procedures. 

Several  of  the  latter  may  require  modification  and  /  or  enhancement  to  accommodate  fatigue 
life  improvement  techniques  as  normal  shipyard  practice. 

3.  In  order  to  assess  the  cost-effectiveness  of  weld  improvement  techniques,  shipyards  need  to 
develop  associated  cost  data.  These  can  then  be  used  to  conduct  trade-off  studies  to 
determine  if  weld  improvement  can  be  substituted  for  reinforcing,  or  otherwise 
strengthening,  a  particular  detail  in  a  cost-effective  manner. 

In  addition  to  the  broad  recommendations  made  above,  the  following,  more  specific, 
recommendations  are  made: 

4.  The  preparation  of  weld  details  for  the  application  of  fatigue  life  improvement  techniques,  if 
not  properly  performed,  can  itself  be  detrimental  to  fatigue  performance.  A  particular 
concern  is  the  interaction  of  weld  grinding  for  coating  preparation  and  weld  fatigue 
performance.  This  subject  requires  study. 

5.  The  interaction  between  corrosion,  and  corrosion  protection  systems  in  weld  details  that 
have  been  subject  to  fatigue  life  improvement  techniques,  should  be  investigated. 
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PRODUCTION  BATA  SHEETS  FOR 


WELD  FATIGUE  IMPROVEMENT  BY 


BURR  GRINDING 


THE  MIL  GROUP  INC. 

22  0«org9  D.  Davie  (P.O.  Box  13G) 
Uvie(Qu«M0)0eV6N7 

Phone  (41^637-6041 

WELD  TOE  IMPROVEMENT  BY 
BURR  GRINDING 

DATA  SHEET 

WELDING  SPECIFICATION 

Base  material:  CA  G40.21  M,  Gr.  300W 

Identification: 

2FBG7 

Pner  material:  CSA  W4e.5M,  Class  E4801T-9CH 

Ooerator  Exoerience:  Less  than  1 0  his 

Welding  procedure  no.:  S155 

Training  program:  . 

Less  than  1  meter 

Type:  _ 

Power  _ 

Diameter  tip:  _ 

Weight  (with  tip): 
Rotation  speed: 


Position:  _ 


EQUIPMENT 
Pneumatic  -  UG  2SNSA 

Air  driven _ 

12  mm  (type  F/SF-5) 

0.72  kg _ 

25,000  rpm _ 


DATA 

Horizontal  (2F) _ 

45» 


SCHEMATIC  DIAGRAM 


Work  angle:  _ _ 

Deplacement  angle:  Backhand  30»-4S« _ 

Travel  speed:  182  mm/mn  (10.92  metre/hour) 

Nbrofpasses:  3  (lliat  side)  and  2  (second  side) 

Length  of  treatment  1260  mm _ 

Time  of  treatment  415  sec. _ 

Change  of  tool:  New  Up  (type  FfSF-5) _ 

Time:  _ z _ 

Cause:  _ Z _ 


INSPECTION 

■  Visual  ■  Dimensional 

Equipment  Rule  and  weld  gauge 


^  II 


REMARKS 

1 .  Backward  and  forward  motion. 

2.  Removal  of  metal  more  accenfoated  on  wraps. 
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THE  MIL  GROUP  INC. 

22  George  D.  Davie  (P.O.  Box  130) 

Ldvis  (Quebec)  06V6N7 

Phone  (418)  837-5941 

WELD  TOE  IMPROVEMENT  BY 
BURR  GRINDING 

DATA  SHEET 
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Base  material:  CAG40.21M,  Gr.  300W 

Identification: 

3FBG8 

Fillsr  mstBridh  CSA  W48.5M,  CIbss  E4801T-9CH 

Ooerator  Experience:  Less  than  10  hrs 

Welding  procedure  no.:  SI 55 

Training  program: 

Less  than  1  meter 

EQUIPMENT 

Type;  _ Pneumatic  -  UG  25NSA _ 

Power:  _ Air  driven _ 

Diameter  tip:  _ 12  mm  (type  F/SF-5) _ 

Weight  (with  tip):  0  72  kg _ 

Rotation  speed:  25,000  rpm _ 


DATA 

Position:  _ Vertical  upward _ 

Work  angle:  _ £5^ _ 

Deplacement  angle:  Backhand  30*  -  45° _ 

Travel  speed:  _ 131  mm/mn  (7.86  metre/hour) 

Nbr  of  passes:  4  (first  side)  and  2  (second  side) 

Length  of  treatment  1240  mm _ 

Time  of  treatment  566  sec. _ 

Change  of  tool:  New  tip  (type  F/SF-5) _ 

Time:  _ 2 _ 

Cause:  _ _ 


INSPECTION 

■  Visual  ■  Dimensional 

Equipment  Rule  and  weld  gauge 


SCHEMATIC  DIAGRAM 


REMARKS 

1 .  Upward  and  downward  motion. 

2.  Removal  of  metal  more  accentuated  on  wraps. 


RESULTS 


Toe  radius  (mm):  _ 
Groove  depth  (mm): 
Macrographic  report 


Mean 

Min. 

Max. 

2.50 

2.00 

3.00 

0.50 

0.25 

1.00 

M98 

Operator 


Christian  Fortier  (6062) 


Date:  August  28, 1996 _ 
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COMPANY  NAME 

(Address) 


WELD  TOE  IMPROVEMENT  BY 
BURR  GRINDING 


DATA  SHEET 


WELDING  SPECIFICATION 


Base  material:  _ 

Filler  material:  _ 

Welding  procedure  no.: 


Identification: 


Operator  Experience: 


Training  program: 


EQUIPMENT 


SCHEMATIC  DIAGRAM 


Power  _ 

Diameter  tip:  _ 

Weight  (with  tip): 
Rotation  speed: 


Position:  _ 

Work  angle:  _ 

Deplacement  angle: 

Travel  speed:  _ 

Nbr  of  passes:  _ 

Length  of  treatment 
Time  of  treatment 
Change  of  tool:  _ 


Identification; 


Cause: 


□  Visual 


INSPECTION 
□  Dimensional 


Equipment 


RESULTS 


Toe  radius  (mm):  _ 
Groove  depth  (mm): 
Macrographic  report 


Operator 


Date: 


APPENDIX  B 


PRODUCTION  DATA  SHEETS  FOR 
WELD  FATIGUE  IMPROVEMENT  BY 
TIG  DRESSING 


B-l 


B-2 


THE  MIL  GROUP  INC. 

22  Qaorgs  D.  Davte  (P.O.  Box  130) 
Uvte^MbaQ)06V«N7 

Phone  (418)837-8941 

WELD  TOE  IMPROVEMENT  BY 
TIG  DRESSING 

DATA  SHEET 

WELDING  SPECIFICATION 

Base  material:  CA  G40.21M.  Gr.  300W 

Idontificstioni  _ 

2FTD4 

FiHar  material:  CSA  W48.5M.  Gass  E4801T-9CH 

Operator  Experience:  L***  than  10  hrs 

Welding  procedure  no.:  SI  55 

Training  program: 

Lees  than  1  meter 

EQUIPMENT 

Type:  _ Syncrowawe  250  AC/DC  -  Milter 

Electrode  dtameter  3.2  mm  -  Claes  EWTh-2 

Gas  cup  diameter  12  mm _ 

High  frequency:  Start  only-  Intensity  10 

Shielding  gas:  Argon  (99.9%) _ 


DATA 

Position:  _ Horizontal  (2F) _ 

Work  angle:  _ _ 

Deplacement  angle:  Forehand  10» _ 

Welding  parameters:  210A-13V _ 

Travel  speed:  127  mm/mn  (7.62  metre/hour) 

Heat  input  _ 1.3  l^mm _ 

Nbrofpasses:  1  (both  sides  of  weld  bead) 

Length  of  freatment  1200  mm _ 

Time  of  treatment  565  sec.  _ 

Change  of  electrode:  Regiinding  one  time 

Time:  _ Z _ 

Cause:  _ Touch  with  piece _ 


RESULTS 


SCHEMATIC  DIAGRAM 


Mean 

Min. 

Max. 

Toe  radius  (mm): 

2.50 

2.00 

3.00 

Groove  depth  (mm): 

0.10 

0.00 

0.40 

Macrographic  report 

M94 

REMARKS 

1.  Arc  weaving  (Ightoscjllation)B  2  mm. 


Operator 


Christian  Fortier  (6062) 


Date:  August  28, 1996 


Fll*  C\1996\IN6PROD  CFVTABLEAUWVTITDVTOOOOI 
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THE  MIL  GROUP  INC. 

22  George  D.  Davie  (P.O.  Box  130) 

L6vis  (Quebec)  06V  6N7 

Phone  (418)837-5941 

WELD  TOE  IMPROVEMENT  BY 
TIG  DRESSING 

DATA  SHEET 

WELDING  SPECIFICATION 

Base  material:  G40.21M,  Gr.  300W 

Identification; 

3FTD5 

Filler  material:  OSA  W48.5M,  Class  E4801T~9CH 

Operator  Experience:  Less  than  10  hrs 

Weldina  procedure  no.;  SI  55 

Training  program; 

Less  than  1  meter 

EQUIPMENT 

Type;  _ Syncrowave  250  AC/DC  -  Miller 

Electrode  diameter;  3.2  mm  -  Class  EWTh-2 _ 

Gas  cup  diameter;  12  mm _ 

High  frequency;  Start  only  -  Intensity  10 _ 

Shielding  gas;  _ Argon  (99.9%) _ 


SCHEMATIC  DIAGRAM 


DATA 

Position;  _ Veitical  upward _ 

Work  angle;  _ 70^ _ 

Deplacement  angle;  Forehand  10* _ 

Welding  parameters;  170A  -  12V _ 

Travel  speed;  122  mm/mn  (7.32  metre/hour) 

Heat  input;  _ 1.0  Kj/mm _ 

Nbr  of  passe?;  1  (both  sides  of  weld  bead) 

Length  of  treatment;  1200  mm _ 

Time  of  treatment;  588  sec. _ 

Change  of  electrode;  _ 

Time;  _  - _ 

Cause;  _ - _ 


REMARKS 

1 .  Arc  weaving  (light  oscillation)  2  mm. 


Operator; 


Christian  Fortier  (6062) 


Date;  August  28, 1996 _ 


RIe  C\1996\INGPROD  CRTABLEAU\VVTITD\TD0002 


B-5 


THE  MIL  GROUPING.  VA/ELD  TOE  IMPROVEMENT  BY 

22  G«orge  D.  Davi«  (P.O.  Bw  130)  T|Q  QRESSING 

l^vts  (QuAbec)  OeV  0N7 

Phono  (418)  837-5941  _ _ 


WELDING  SPECIFICATION 

Base  material;  CAG40.21M,  Gr.  300W _ 

Filler  material;  CSA  W48.5M.  Cla^  E4S01T-9CH 

Welding  procedure  no.;  S155  — 


EQUIPMENT 

jypg.  _ Syncrowave  250  AC/DC  -  Mier 

Electrode  diameter  3.2  mm  -  Class  EWTh-2 _ 

Gas  cup  diameter.  12  mm _ _ _ 

High  frequency;  Start  only  -  Intensity  1 0 
Shielding  gas;  Argon  (99.9%) 


DATA 

Position;  _ Overhead _ _ _ 

Work  angle;  _ _ _ 

Deplacement  angle;  Forehand  10* _ 

Welding  parameters;  170A- 12V _ 

Travel  speed;  134  mm/mn  (8.04  metrefriour) 

Heat  input  0-9  KjAnm _ 

Nbr  of  pass^;  _ 1  (both  sides  of  weld  bwd) 

Length  of  treatment  1200  mm _ 

Time  of  treatment  539  aec. _ 

Change  of  electrode;  _ 

Time;  _ I _ 

Cause;  _ Z _ 


RESULTS 


DATA  SHEET 


Identifica^n: 

4FTD6 

Operator  E)q3^ence;  _ 

Lerafrian  lOhrs 

Training  program; 

Leas  than  1  meter 

SCHEMATIC  DIAGRAM 

r 

Mean 

Min. 

Max. 

Toe  radius  (mm):  _ 

3.50 

3.00 

4.00 

Groove  depth  (mm):  _ 

0.20 

o.oc 

0.50 

Macrographic  report 

M96 

REMARKS 

1.  Arc  wowing  (8ght  oscillaion)  &  2  mm. 


Operator. 


Christian  Fotlief  (6062) 


Augt^28, 1996 


Ftto  CMSeeVINGPROO  CRTABLEAUWVnTD\TD0001 


COMPANY  NAME 

(Address) 

WELD  TOE  IMPROVEMENT  BY 
TIG  DRESSING 

DATA  SHEET 

WELDING  SPECIFICATION 

Base  material; 

Identification: 

Filler  material: 

Operator  Experienc 

Training  program: 

b: 

Welding  procedure  no.; 

EQUIPMENT 

Type: 

SCHEMATIC  DIAGRAM 

Identification; 

Electrode  diameter. 

Gas  cup  diameter 

Hiah  freouencv: 

Shielding  gas: 

DATA 

Position: 

Work  angle: 

Deolacement  anale; 

Welding  parameters: 

Travel  speed: 

Heat  Inout 

Nbr  of  oasses: 

Lenoth  of  treatment 

Time  of  treatment 

Chanae  of  electrode; 

Time; 

Cause: 

RESULTS 

Mean  Min.  Max. 

Toe  radius  (mm): 

REMARKS 

Groove  deoth  (mm): 

Macrographic  report 

Operator; 

Date; 

B-7 


AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name  :  WELD  TOE  TREATMENT/MSE I  Date 

User  name  ;  CHRISTIAN  FORTIER  Lens 

Cal.  :  1 . 477e+00  mic  /pi>:  Diamond 

Load  :  10.000  kg 

The  last  diamond  calibration  was  done  at  11:14:45  on  7-29-96, 
with  a  test  block  of  301  HV  and  a  load  of  lOOOOg. 

Sample  id  :  DU97-1 

Mi  sc  :  Centre  R  D  soudage 

Hardness  ljs  depth 


Hardness  CHU) 


fiLieragB 
Std.  deu. 
Minimum 
May i mum 


:  222  HU 
:  27.1  HU 
:  182  HU 
:  267  HU 


B-8 


8-28-96 
1  Ox 

Vi ckers 


AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name  :  WELD  TOE  TREATMENT/MSEI 

User  name  s  CHRISTIAN  FORTIER 

Cal.  :  1 . 477e+00  mic  /pi>; 

Load  :  10.000  kg 


Date 
Lens 
Di amond 


8-28-96 
1  Ox 

Vi ckers 


The  last  diamond  calibration  was  done  at  11:14:45  on  7-29-96, 
with  a  test  block  oi  301  HV  and  a  load  ot  loooog. 


Sample  id  :  DU97-1 

Mi  sc  :  Centre  R  ■?<  D  soudage 


No. 

Depth  (mic) 

Hardness 

1 

0 

197 

HV 

500 

192 

HV 

3 

1 000 

250 

HV 

4 

1 500 

218 

HV 

5 

2000 

230 

HV 

6 

2500 

212 

HV 

7 

3000 

267 

HV 

8 

3500 

211 

HV 

9 

4000 

261 

HV 

10 

4500 

201 

HV 

1 1 

5000 

247 

HV 

12 

5500 

182 

HV 

13 

6000 

221 

HV 

B-9 


AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name  :  WELD  TOE  TREATMENT/MSEI 

User  name  :  CHRISTIAN  FORTIER 

Cal.  :  1 . 477e+00  mic  /pix 

Load  :  10.000  kg 


Date  I 
Lens  I 
Diamond  ! 


The  last  diamond  calibration  was  done  at  11:14:45  on  7-29-V6, 
with  a  test  block  of  301  HV  and  a  load  of  lOOOOg. 

Sample  id  :  DU97-2 

Mi  sc  :  Centr  e  R  ?<  D  soudage 


Hardness  lis  depth 


Hardness  CHU) 
320.0. 


260.0- 

240.0- 


120.0 


. . 

.  '  *  r?  . 

g 

x 

X 

X 

. . 

- \ 

X 

- i - 1 - 1 

- , - \ 

- 1 - i 

- 1 - 1 

800  900  1000 

File  name  :  No  Name 


1200  1400 

Depth  (tnic) 


1600 


1800 


RioeragE 
Std.  deo 
riinimufn 
flay  i  mum 


190  HU 
36.7  HU 
133  HU 
237  HU 


8-28-96 
1  Ox 

Vi  cker  s 
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AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name  :  WELD  TOE  TREATMENT/MSEI 

User  name  :  CHRISTIAN  FORTIER 

Cal.  :  1 . 477e+00  mic  /pix 

Load  :  10.000  kg 


Date  : 
Lens  : 
Diamond  : 


The  last  diamond  calibration  was  done  at  11:14:45  on  7-29-96, 
with  a  test  block  of  301  HV  and  a  load  of  lOOOOg. 


Sample  id  :  DU97-2 

Mi  sc  :  Centre  R  D  soudage 


No. 

Depth  (mic) 

Hardne* 

1 

1 000 

133 

HV 

1 500 

141 

HV 

3 

1 000 

143 

HV 

4 

1 500 

143 

HV 

5 

1 000 

148 

HV 

6 

1 500 

153 

HV 

7 

1 000 

187 

HV 

8 

1 500 

185 

HV 

9 

1 000 

218 

HV 

10 

1 500 

208 

HV 

1 1 

1 000 

236 

HV^ 

12 

1 000 

236 

HV 

13 

1 500 

208 

HV 

14 

1 000 

237 

HV 

15 

1 500 

208 

HV 

16 

1 000 

221 

HV 

17 

1 500 

205 

HV 

18 

1 500 

204 

HV' 

B-11 


S-28-96 
1  Ox 

Vickers 


AUTOMATIC  MACRO  HARDNESS  REPORT 

Company  name  ;  WELD  TOE  TREATMENT/MSEI  Date  :  8-30--96 

User  name  ;  CHRISTIAN  FORTIER  Lens  ;  lOx 

Cal.  :  1.477e+00  mic  /pi>;  Diamond  :  Vickers 

Load  :  10.000  kg 

The  last  diamond  calibration  was  done  at  11:14:45  on  (— .i’9— 96, 
with  a  test  block  of  301  HV  and  a  load  of  luooug. 

Sample  id  :  DU97-3 

Mi  sc  :  Centr  e  R  S<  D  soudage 

Hardness  vs  depth 

Hardness  CHU) 

320.0.^ . - . . . 

I  •  :  ■  V  ■  ■ 

I  :  .  .  .  . 

300. 0j . ; . ^ . . . . . . ^ . 

■  *  V  .  .  '  • 

;  I  *  ••••  X.  X 

280.  0| . : . . : . i . ; . 

I  :  :  :  ;  ; 

260.  0X . ^ . ^ . ^ . < . > . 

240.0 . : . : . : . ^ . ; . 

220.  0 . > . ^ . > . . ^ . 

200.  0 . • X..., i . : . : . . 

•  X  - 

:  ;  :  :  x  • 

180.0 . i . ^ . : . i- . < . > . 

I  X  :  :  :  : 

160.0+ . . i . ^ . . . ; . 

140. 0|. . ; . > . < . . . 

120.0 

Depth  (mic) 

File  name  :  fSa  Name 

Average  :  235  HU 

Std.  dev.  :  59.6  HU 

Minimum  :  146  HU 

Maximum  :  325  HU 


B-12 


AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name  :  WELD  TOE  TREATMENT/MSEI  Date 

User  name  ;  CHRISTIAN  FORTIER  Lens 

Cal.  :  1 . 477e+00  mic  /pi;;  Diamona 

Load  ;  10.000  kg 


The  last  diamond  caliDration  was  done  at  11: 14:45  on  7-29-96, 
with  a  test  block  of  301  HV  and  a  load  of  lOOOOg. 

Sample  id  :  DU97-3 

Mi  sc  :  Centre  R  D  soudage 


No. 

Depth  (mic) 

Hardness 

1 

0 

147 

HV 

500 

146 

HV 

3 

1  C)00 

1 60 

HV 

4 

1500 

171 

HV 

5 

2000 

201 

HV 

6 

2500 

198 

HV 

7 

3000 

278 

HV 

8 

3500 

292 

HV 

9 

4000 

290 

HV 

10 

4500 

305 

HV 

11 

5000 

3' 2  5 

HV 

12 

5500 

289 

HV 

13 

6000 

3 1 2 

HV 

14 

6500 

289 

HV 

15 

7000 

270 

HV 

16 

7500 

226 

HV 

17 

3500 

189 

HV 

18 

9000 

193 

HV 

19 

9500 

205 

HV 

20 

1 0000 

211 

HV 

8-30-96 
1 0;< 

Vickers 
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AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name 
User  name 
Cal  . 

Load 


WELD  TOE  TREATMENT/MSEI 
CHRISTIAN  FORTIER 
1 . 477e+00  mi c  /pi x 
10. 000  kg 


Date 
Lens 
Di amond 


The  last  diamond  calibration  was  done  at  11:14:45  on  7-~29-96, 
with  a  test  block  of  301  HV  and  a  load  of  luooug. 

Sample  id  :  DU97“~4 

Mi  sc  :  Centre  R  D  soudage 


Hardness  i^js  depth 


Hardness  CHU] 
360  .  0  -r 


336.  0 
312. 0- 
288. 0- 
264. 0- 
240. 0- 
216. 0- 
192.0- 
168.  0 
144.  0 
120.  0 


X 

>=■  ; 

X  • 

X 

XI 

. . X . / 

X 

X  ; 

* *:<  X 

y 

X  ■  X  .  .  X 

X 

0  1600 


File  name  :  Nn  Name 


+ 


4800  8000  11200 
Depth  frnic) 


14400 


R'jerage 
Std.  dew. 
riiniiTiLifTi 
flay  i  mum 


194  HU 
57.2  HU 
138  HU 
322  HU 


8-30--96 
1  Ox 

Vi ckers 
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AUTOMATIC  MACRO  HARDNESS  REPORT 


Company  name  :  WELD  TOE  TREATMENT/MSEI 
User  name  ;  CHRISTIAN  FORTIER 

Cal,  ;  1.477e+00  mic  /pi:< 

Load  ;  10.000  kg 

The  last  diamond  calibration  was  done  at  11:14:45  on 
with  a  test  block  of  301  HV  and  a  load  of  lOOOOg. 

Sample  id  :  DU97-4 

Mi  sc  :  Centre  R  ?•<  D  soudage 

No.  Depth  (mic)  Hardness 


1 

500 

138 

HV 

o 

1 000 

159 

HV 

3 

1 500 

1  6(0 

HV 

4 

2000 

164 

HV 

5 

2500 

166 

HV 

6 

30(1)0 

177 

HV 

7 

3500 

165 

HV 

8 

40(I)(r) 

159 

HV 

9 

4500 

160 

HV 

1 0 

5(1)00 

171 

HV 

1  1 

55(I)(J 

200 

HV 

12 

6000 

233 

H  V 

13 

6500 

293 

HV 

14 

7(j(j(j 

302 

hv 

15 

7500 

322 

HV 

16 

&000 

300 

HV 

17 

8500 

275 

HV 

18 

950(0 

226 

HV 

19 

1  (l)(j(])0 

193 

HV 

20 

1 0^00 

174 

HV 

21 

1  1 0(1)0 

160 

HV 

22 

1  1 500 

149 

HV 

23 

1 2(I)(I)(j 

153 

HV 

24 

1 2500 

148 

HV 

25 

1 3000 

144 

HV 

26 

1 4<I)(’)(j 

146 

HV 

Date 

Lens 

Diamond 


7-29-96, 


8-30-96 
1  Ox 

Vickers 
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APPENDIX  C 

PRODUCTION  DATA  SHEETS  FOR 
WELD  FATIGUE  IMPROVEMENT  BY 
HAMMER  PEENING 


c-i 


C-2 


THE  MIL  GROUP  INC.  WELD  TOE  IMPROVEMENT  BY 

22  George  D.  Davie  (P.O.  Box  130)  HAMMER  PEENING 


22  George  D.  Davie  (P.O.  Box  130) 
L6vi8(Qu6bec)06V6N7 
Phone  (418)837-5941 


WELDING  SPECIFICATION 
Base  material:  CA  G40.21M,  Gr.  300W 

Filler  material:  _ CSA  W48.5M,  Class  EAS 

Welding  procedure  no.:  S155 _ 


EQUIPMENT 

Yype;  _ Pneumatic _ 

Power:  _ Air  driven _ 

Diameter  tip:  _ 9  to  12  mm _ 

Weight  (with  tip):  Q  *^9 _ _ _ 

Blows  per  second:  9^ 


DATA  SHEET 


Identification: 

2FHP1 

Operator  Experience:  _ 

Less  than  10  hrs 

Training  program:  _ 

Less  than  1  meter 

SCHEMATIC  DIAGRAM 

r 

Position: 

DATA 

Horizontal  (2F) 

Work  anqle: 

45® 

Deplacement  angle: . 

Forehand  10® 

Travel  speed: 

69  mm/mn  (4.14  metre/hour) 

Nbr  of  passes:  _ 

4  (both  sides  of  weld  bead) 

Length  of  treatment 

1230  mm 

Time  of  treatment 

1074  sec. 

Change  of  tool:  _ 

— 

Time: 

Cause: 

- 

INSPECTION 
■  Dimensional 

Equipment  Rule  and  weld  gauge 


<»  II 

Ask 


REMARKS 

1 .  Backward  and  forward  motion. 


RESULTS 


1  oe  radius  (mm): 

Groove  depth  (mm):  0-25 

Macrographic  report  M91 


Operator.  _ 


Mean 

Min. 

Max. 

4.50 

4.00 

5.00 

0.25 

0.00 

0.50 

M91 

Christian  Fortier  (6062) 


Date:  August  28, 1996 _ 


RIa  C\ie96\INGPROD  CRTABLEAU\VVTIB6\HP0001 
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TheMItOro^pInc. 

VWElHDINQANOMETAU.URf3y  ,  MACROGRAPHIC  EVALUATION  REPORT  No.:  M-91 

RM)  CENTRE 


C- 


THE  MIL  GROUPING.  WELD  TOE  IMPROVEMENT  BY 
“  ^  HAMMER  PEENING 

L6vm  (Quebec)  06V  6N7 


DATA  SHEET 


WELDING  SPECIFICATION 

Base  material:  CAG40.21M,  Gr.  300W  I 

Filler  material: 

CSA  W48.5M,  Class  E4801T-9CH  , 

Welding  procedure  no.:  S155 

Tvoe: 

EQUIPMENT 

Pneumatic 

Power 

Air  driven 

Diameter  tip: 

9  to  12  mm 

Weight  (with  tip): 

1.8  kg 

Blows  per  second:  _ 

92 

Position: 

DATA 

Vertical  upward  (3F) 

Work  angle: 

45» 

Deplacement  angle: 

Forehand  10® 

Travel  speed: 

87  mm/mn  (5.22  metre/hour) 

Nbr  of  passes: 

5  (first  side)  and  4  (second  side) 

Length  of  treatment: 

1240  mm 

Time  of  treatment: 

853  sec. 

Change  of  tool: 

Regrinding  after  first  side  of  weld  bead 

Time: 

__ 

Cause: 

Deformation 

INSPECTION 

■  Visual  ■  Dimensional 

Fauioment:  Rule  and  weld  gauge 

Toe  radius  (mm): 

RESULTS 

Mean  Min.  Max. 

4.50  4.00  5.00 

Groove  depth  (mm): 

0.10  0.00  0.20 

Macrographic  report 

M92 

Identification:  _ 3FHP2 _ 

Operator  Experience:  Less  than  10  hrs 

Training  program:  _ Less  than  1  meter 


SCHEMATIC  DIAGRAM 


REMARKS 

1 .  Upward  and  forward  motion. 


Operator 


Christian  Fortier  (6062) 


Date:  August  28, 1996 


nie  C\1996\INGPROD  CRTABLEAU\WTIBG\HP0002 


C-6 


COMPANY  NAME 


(Address) 


WELD  TOE  IMPROVEMENT  BY 
HAMMER  PEENING 


DATA  SHEET 


WELDING  SPECIFICATION 


Base  material; 


Identification; 


Filler  material; 


Operator  Experience; 


Welding  procedure  no.; 


Training  program; 


EQUIPMENT 


SCHEMATIC  DIAGFIAM 


Power;  _ 

Diameter  tip;  _ 

Weight  (with  tip); 
Blows  per  second; 


Position; 


Work  angle;  _ 

Deplacement  angle; . 

Travel  speed;  _ 

Nbr  of  passes;  _ 

Length  of  treatment 
Time  of  treatment 
Change  of  tool;  _ 


Identification; 


Cause; 


□  Visual 


INSPECTION 
□  Dimensional 


Equipment 


RESULTS 


Toe  radius  (mm);  _ 
Groove  depth  (mm); 
Macrographic  report 


Operator 


Christian  Fortier  (6062) 


August  28, 1996 
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PROJECT  TECHNICAL  COMMITTEE  MEMBERS 

The  following  persons  were  members  of  the  committee  that  represented  the  Ship 
Structure  Committee  to  the  Contractor  as  resident  subject  matter  experts.  As  such  they 
performed  technical  review  of  the  initial  proposals  to  select  the  contractor,  advised  the 
contractor  in  cognizant  matters  pertaining  to  the  contract  of  which  the  agencies  were 
aware,  and  performed  technical  review  of  the  work  in  progress  and  edited  the  final 
report. 


Chairman: 

Tom  Packard 
Mike  Sieve 
Jim  Sawhill 
Paul  Cojeen 
Jaideep  Sirkar 
Jim  White 
Bill  Tyson 
Bill  Hanzelek 
LT  John  Cushing 


Naval  Sea  Systems  Command 
Naval  Sea  Systems  Command 
Newport  News  Shipbuilding 
U.  S.  Coast  Guard 
U.  S.  Coast  Guard 
U.  S.  Coast  Guard  R&D 
CANMET 

American  Bureau  of  Shipping 
U.  S.  Coast  Guard  MSC 


Contracting  Officer’s  Technical  Representative: 

Mr.  William  Siekierka  Naval  Sea  Systems  Command 


Marine  Board  Liaison: 
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